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Abstract 

 

The lung, with its large surface area and thin air-blood barrier, presents an ideal 

site for drug delivery and serves as the main entry portal for inhaled particles. 

Additionally, the abundant pulmonary capillary bed provides an important surface 

for interactions with particles suspended in the bloodstream. Therefore, engi-

neered nanoparticles (NPs) offer promising prospects for precision drug delivery 

to the lung. However, despite the potential benefits of NPs, their interactions and 

possible adverse effects in the pulmonary microcirculation under both healthy and 

pathophysiological conditions remain largely unknown. Understanding these in-

teractions is crucial for harnessing the full potential of NPs in lung-specific drug 

delivery and ensuring their safety and efficacy for clinical applications. 

To visualize and quantify the real-time dynamics of intravenously delivered or 

injected NPs and their interactions with the pulmonary vascular innate immune 

system, we utilized intra-vital microscopy of the alveolar region in mice. The NPs 

used in the study were divided into two distinct subsets: one usually considered 

of a low potential for interacting with biomolecules and cells (PEG-amine-QDs, 

referred to as aQDs), and the other with a high potential for such interactions 

(carboxyl-QDs, referred to as cQDs). 

In vitro experiments demonstrated that cQDs were taken up more efficiently by 

Human Umbilical Vein Endothelial Cells compared to aQDs. In vivo experiments 

revealed that intravenously applied cQDs interacted with endothelial cells and 

might be taken up by them. In contrast, aQDs tended to form clusters in pulmo-

nary vessels over time and induced stronger inflammation compared to cQDs, 

indicating that the PEG modification of QDs did not fully protect against their po-

tential effects in the pulmonary microcirculation. 

Under healthy conditions, i.v. injection of aQDs induced neutrophil recruitment, 

but did not significantly alter the immune responses under pathological conditions, 

such as LPS-induced acute inflammation and Bleomycin-induced fibrosis. The 

initiation of neutrophil recruitment induced by aQDs was found to require cellular 

degranulation and release of TNF-α. Furthermore, neutrophil response to aQDs 

appeared to involve the release of damage-associated molecular patterns 

(DAMPs), particularly extracellular ATP (eATP). This process also involved the 
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upregulation of relevant selectins (such as E-selectin) and the involvement of in-

tegrins (such as LFA-1 and MAC-1) on endothelial cells and neutrophils. These, 

in turn, resulted in a slowdown of the crawling velocity of neutrophils on the vas-

cular surface. The blockage of selectins and integrins or the use of an eATP an-

tagonist prevented recruitment of neutrophils and partially restored their reduced 

crawling velocity. Furthermore, the accumulation and retention of neutrophils in 

the pulmonary microcirculation led to a decrease in local blood flow velocity. Ac-

cordingly, when factors involved in neutrophil recruitment, such as cellular 

degranulation, DAMPs, and TNF-α release, as well as the upregulation of se-

lectins and integrins, were diminished, blood perfusion could be restored to base-

line levels. 

Overall, this study unveils a detailed mechanism underlying the neutrophil re-

sponse to aQDs, involving cellular degranulation, DAMPs and TNF-α release, as 

well as the upregulation of selectins and integrins. This intricate cascade ulti-

mately leads to a reduced velocity of crawling neutrophils and a slowdown in 

blood perfusion. These insights pave the way for further exploration and optimi-

zation of NP-based drug delivery strategies, aiming to enhance efficacy and 

safety in medical applications. 
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1. Introduction 

1.1 Nanoparticles exposure to the lung  

With the increasing demand for nanotechnology, it is inevitable that nanomateri-

als and nanoproducts will encounter the human body (International Organization 

for Standardization, 2008). Nanomaterials consisting of solid particles are cate-

gorized as “nano” if the size of the respective materials ranges between 1 nm and 

100 nm in at least one dimension (European Commission 2022). Exposure to 

nanomaterials and nanoparticles (NPs) through ingestion or inhalation, followed 

by internalization in cells has been strongly linked to a range of health issues, 

including neurological diseases, lung inflammation, cardiovascular diseases, 

auto-immune diseases, and cancer (Buzea, Pacheco, and Robbie 2007). Due to 

the large surface area and thin air-blood barrier, the lung is an ideal site for drug 

delivery and the main entry portal for inhaled particles. In addition, particles 

smaller than 10 μm (especially those smaller than 2.5 μm in diameter) that are 

inhaled can reach the peripheral region of the lungs (Mansour, Rhee, and Wu 

2009; Yacobi et al. 2011; Nicolaou et al. 2021). A well-established method for 

evaluating the hazards of NPs in pathological lungs is through animal studies that 

involve inhalation, intratracheal instillation, and pharyngeal aspiration. These 

studies assessed a range of NPs, including carbon-based NPs, silica, manufac-

tured NPs and so on. They focused on the immune system, primarily the neutro-

phils and macrophages in the alveolar and interstitial space, and on potential ge-

netic aberrations (Morimoto et al. 2013, Murugadoss et al. 2017, Donaldson and 

Poland 2012). The clearance of NPs that have been deposited in the lower air-

ways is associated with size-dependent phagocytosis of these NPs by alveolar 

macrophages. Alveolar macrophages perform surveillance in the air spaces of 

the deep lung and are capable of effectively removing inhaled particles in the size 

range of 1-5 μm (Murgia, Carvalho, and Lehr 2014). When it comes to NPs 

smaller than 100 nm, they are often able to evade the surveillance of alveolar 

macrophages, which enables them to penetrate the air-blood barrier of the lungs 

more easily and translocate into the bloodstream, lymphatic systems, and sec-

ondary organs (Oberdörster 2001; Geiser et al. 2005; Buzea, Pacheco, and Rob-

bie 2007; Kreyling 2010; Baranov et al. 2021) (Fig.1). NPs in the blood stream 
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are cleared by the hepatic and renal pathways. In the hepatic pathway, NPs are 

taken up and extensively broken down by the mononuclear phagocyte system 

(MPS) and tissue phagocytes followed by biliary elimination and excretion via the 

stools (Yang et al. 2019). In the renal pathway, NPs, which are smaller than the 

kidney filtration threshold of ~6nm, can undergo the primarily renal clearance and 

thereby avoid to be captured by the MPS (Zhu, Gray, and Patra 2022). 

 

Figure 1. Deposited NPs cross the bio-barrier and translocate into circulatory and lymphatic 

system, and are thereby distributed to secondary organs (Kreyling 2010). 

 

1.2 Fluorescent NPs/Quantum dots for biomedical application 

The increased demand for nanotechnology in medicine and research has led to 

the development of various types of fluorescent nanoparticles such as carbon 
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dots, quantum dots (QDs), nanodiamonds, etc., whose safety, biocompatibility, 

and toxicity in imaging and biological application have been of concern in recent 

decades. Among these, QDs are the earliest and most common used fluorescent 

inorganic probes and semiconductors with a size of less than 10 nm (Li et al. 

2022). QDs have a distinctive metal core-shell nanostructure that confers them 

with exceptional fluorescent properties, including high fluorophore brightness, 

photostability, a broad excitation spectrum, a high emission intensity, and narrow 

emission spectra. These properties make them suitable for various imaging tech-

niques and drug delivery towards theragnostic approaches (Wegner and Hilde-

brandt 2015). Praetner et al. conducted a study to investigate the potential role 

of surface modification of fluorescent QDs (carboxyl-, amine-, and polyethylene 

glycol (PEG) -QDs) in targeting specific organs and found that carboxyl-QDs 

(cQDs) had a short residence time in the blood and accumulated in various or-

gans, particularly those with high capillary network density, such as the liver and 

spleen (Praetner et al. 2010). Studies had shown that laser treatment using Borte-

zomib-QDs synthesized NPs had a photothermal effect that reduced tumor 

growth, necrosis, and deformation of cancer cells compared to the control treat-

ment in a tumor-bearing nude mice model. This suggests that Bortezomib-QDs 

could be a promising cancer therapeutic agent with good biocompatibility (Guo et 

al. 2021). Fromen and colleagues utilized carboxylate-modified micron sized par-

ticles as a therapeutic intervention in models of inflamed mesenteric vasculature. 

The interaction between particles and neutrophils inhibited the recruitment of 

neutrophils and facilitated the clearance process of particles in the bloodstream 

due to a particle-induced neutrophil diversion to the liver (Fromen et al. 2017). 

Due to the heavy metal content of QDs, such as cadmium, application of QDs as 

biological platforms or imaging agents has been associated with toxic effects in 

cell and animal experiments (Li et al. 2022). It has been demonstrated that differ-

ent surface modifications of QDs can have different influence on cells in vivo and 

in vitro, and can alter their interaction within the microvasculature, their bio-distri-

bution, and proinflammatory effects (Praetner et al. 2010; Rehberg et al. 2012). 

For instance, amine/PEG-QDs (aQDs) have weak protein binding, while cQDs 

have strong protein binding (Fig.2). cQDs have been shown to induce leukocyte 

recruitment in postcapillary venules in skeletal muscle tissue. Upon application 

into the bloodstream, they are taken up by perivascular macrophages, which 
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might serve as the initial step for leukocyte recruitment. This uptake is followed 

by cellular degranulation, and the adhesion step of leukocytes is mediated by the 

expression of ICAM-1. Consequently, leukocytes transmigrate outside of the 

postcapillary venules (Rehberg et al. 2010). 

   

Figure 2. (A) Physical characterization of various QDs also used in this thesis (Praetner et 

al. 2010). (B) Left: cQDs exhibited fluorescence (green) in perivascular cells and venules 

after intravenous injection; middle: TEM image of cQDs; right: TEM section of mouse cre-

master muscle exposed to cQDs in the electron microscope (Zeuschner 2015). (C) Protein 

binding scheme of different QDs (Rehberg et al. 2010).  

 

1.3 Lung intravital microscopy  

Intravital microscopy (IVM) has undergone extensive development since the first 

attempt to observe rolling leukocytes in 19th century and has become a more 

practical technique for studying physiological and pathophysiological states of 

different organs. To elucidate the real-time dynamic process and imaging at cel-

lular levels in various organs (including but not limited to the liver, kidney, brain, 

skeletal muscle, and skin) in living animals, IVM is equipped with various optical 

modalities to facilitate different imaging needs (Secklehner, Lo Celso, and Carlin 

2017). IVM plays a crucial role in studying innate immune responses during 

pathological conditions. It enables the investigation of various processes, such 

as leukocyte recruitment cascade and the scavenger and phagocytic functions, 

for example, of Kupffer cells. It is also utilized to investigate in vivo delivery of 

B A 

C 
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NPs, including their interactions with immune cells in different organs (Lin, Fathi, 

and Chen 2020; Neupane and Kubes 2022). 

The lung is a vital organ responsible for respiration, and the pulmonary blood 

system represents the largest microcirculation in the body. Establishing an IVM 

platform to study the lung is particularly challenging due to the continuous respir-

atory motion and heart beating, making it one of the most difficult organs to image. 

Mark R. Looney developed a modified version of stabilized lung imaging that uti-

lizes an imaging window, which is inserted in the chest, with additional reversible 

vacuum to gently absorb the lung surface to the thoracic window. This technique, 

called Lung Intravital Microscopy (L-IVM), allows for the study of the immediate 

dynamic interaction between tumor microparticles, lung tissue, and the immune 

system (Looney et al. 2011; Headley et al. 2016). In this approach, the continuous 

application of negative pressure suction carries the potential risk of inducing local 

inflammation. However, short-term imaging (less than 2h) did not result in signif-

icant neutrophil accumulation (Looney et al. 2011). Park et al. utilized L-IVM to 

visualize the pulmonary endothelial surface layer in both physiological and path-

ophysiological conditions (Park et al. 2018). Detampel et al. applied this approach 

to investigate the clearance mechanism of amorphous silica NPs following instil-

lation in the lung and demonstrated that it was dependent on transcytosis process 

mediated by alveolar epithelial cells (Detampel et al. 2019). Our laboratory is at 

the forefront of utilizing this technique for studying NPs and their interactions with 

immune cells in the pulmonary microcirculation.  

1.4 Innate immunity in the lung microcirculatory system 

The primary functions of lung capillaries are to facilitate essential gas exchange 

and the lung microvessels serve as a functional immune niche (Granton et al. 

2018) (Fig.3). The blood perfusion velocity in the pulmonary capilaries is relatively 

low (Rossaint and Zarbock 2013). Assuming inertia, a flow rate of 6.40-10 m3/s at 

the arteriole inlet translates to a total blood flow of 2.42–2.46 l/min through the 

human lung, which is slightly lower than the reported cardiac outputs of 5 L/min. 

Haber et al. also demonstrated that in their study, blood flow exhibited a continu-

ous decrease from 1.8x10-14 m3/s to 0.5x10-14 m3/s across generations 1 to 9 

(Haber, Clark, and Tawhai 2013). In contrast to other organs, the lung does not 
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have resident vascular macrophages in the pulmonary microcirculation, and in 

the steady state, substantial neutrophils patrol the pulmonary capillaries, which 

is known as the marginated pool (Granton et al. 2018). Neutrophils are the front-

line cells responsible for defending the host against invading pathogens, and they 

also play an essential role in physiological process (Kolaczkowska and Kubes 

2013; Liew and Kubes 2019). Neutrophils have multiple key functions, including 

inducing the generation of reactive oxygen species (ROS), the release of pro-

inflammatory mediators, and the release of neutrophil extracellular traps (NETs). 

Additionally, neutrophils also play a crucial role in phagocytosis, i.e., the process 

of engulfing and removing cell debris or pathogens (Gazendam et al. 2016; Segal, 

2005). Yipp et al. investigated the immune responses to Escherichia coli 

bloodstream infection in mice by observing the pulmonary microcirculation using 

L-IVM. Their study demonstrated that neutrophils, not monocytes, played an 

essential role in sequestering bacteria from the bloodstream. This involved 

patrolling neutrophils of the marginated pool, allowing them to immediately react 

and capture pathogens after the pulmonary endothelium immobilized the flowing 

E.coli pathogens in capillaries through toll-like receptor 4 (TLR-4), Myd88, and 

CD11b dependent signaling (Yipp et al. 2017). This process is on par with the 

host vascular defense of the macrophage-dominated liver and spleen 

(Kolaczkowska and Kubes 2013; Liew and Kubes 2019). 

 

Figure 3. Innate cellular host defense steps of the lung (Granton et al. 2018). 
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In general, leukocyte recruitment involves several steps in most organs. First, 

endothelial cells are stimulated by inflammatory mediators (including histamine, 

cytokines, and pattern recognition receptor (PRR)-mediated detection of patho-

gens) causing neutrophils to slowly roll on the top of them. This is followed by the 

strengthening of adhesion and crawling, and finally paracellular and transcellular 

migration across the blood-vessel walls into the interstitial tissue (Ley et al. 2007; 

Kolaczkowska and Kubes 2013).  

The activation of selectin and integrin ligands is a critical part of this process. E-

selectin and P-selectin are typically upregulated on the surface of endothelial 

cells, while these two selectins work synergistically to optimize neutrophil recruit-

ment with partially overlapping in their functions. In addition to mediating neutro-

phil-endothelial cell interactions, P-selectin is also expressed on activated platelet 

and the platelet-neutrophil aggregates also prompt neutrophils recruiting to the 

endothelium (Begandt et al. 2017; Maas, Soehnlein, and Viola 2018). In this pro-

cess, L-selectin is expressed on circulating neutrophils to facilitate neutrophil re-

cruitment. The glycoprotein ligands (for example, P-selectin glycoprotein ligand 

1, PSGL1) for these selectins are expressed on both leukocytes and endothelial 

cells. Selectins initially serve to capture neutrophils from the bloodstream and 

facilitate their tethering and rolling along the endothelium in classical cascade 

(Kolaczkowska and Kubes 2013). Integrins, including lymphocyte function–asso-

ciated antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1), are also involved in 

leukocyte rolling, as well as mediating arrest, firm adhesion, and crawling (Ley et 

al. 2007). Henderson et al firstly emphasize the role of LFA-1 in the stabilization 

of the transient or tethering phase of neutrophil rolling, thereby contributing to the 

process of neutrophil rolling on the mesenteric vascular bed detected by IVM. On 

the other hand, the presence of MAC-1 is not essential for either rolling or firm 

adhesion, but rather exhibits distinctive properties in facilitating emigration from 

the vessel (Henderson et al. 2001).   
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Figure 4. Scheme of neutrophil recruitment in the lung (Maas, Soehnlein, and Viola 2018). 

 

The mechanism of neutrophil recruitment is well-defined and varies depending 

on the specific organs, different stimuli, and tissue states. However, unlike other 

organs, neutrophil recruitment in the pulmonary microcirculation differs (Maas, 

Soehnlein, and Viola 2018) (Fig.4). Endothelial cells, in conjunction with alveolar 

macrophage and epithelial cells, secrete chemokines, cytokines, and other in-

flammatory mediators that foster local inflammation and neutrophil accumulation. 

Due to the diameter of lung capillaries, ranging from 2 to 14 µm, which is smaller 

than that of neutrophils at approximately 13.7 µm, neutrophils are typically de-

formed, and the previous view was that they were sequestered in the lung capil-

laries by means of mechanical trapping, without undergoing the rolling step, as 

observed in post-capillary venules (Doerschuk et al. 1993; Maas, Soehnlein, and 
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Viola 2018). Recent advancements in this field have challenged the previous un-

derstanding that neutrophil accumulation in the pulmonary microcirculation solely 

results from mechanical trapping, it is now recognized that neutrophil accumula-

tion generally does not cause complete occlusion of pulmonary vascular blood 

flow. Neutrophils in the microcirculation engage in tethering and crawling pro-

cesses, enabling them to interact with endothelial cells and survey potential path-

ogens. This dynamic behavior of marginated neutrophils contributes to an effec-

tive immune response and facilitates the clearance of potential pathogens 

(Neupane and Kubes 2022). The necessity of selectins and integrins for neutro-

phil recruitment in the lung varies depending on various stimuli (Rossaint and 

Zarbock 2013; Maas, Soehnlein, and Viola 2018). For instance, the intratracheal 

administration of LPS from Streptococcal pneumonia induces neutrophil recruit-

ment without dependency on E- or P-selectin, whereas LPS from Escherichia coli 

causes E- and L-selectin-dependent neutrophil recruitment (Mizgerd et al. 1996; 

Kornerup et al. 2010). Neutrophil recruitment in acute lung inflammation occurs 

through selectin-dependent or independent pathways, depending on the specific 

stimuli involved, such as E. coli, IL-1, S. pneumonia, and C5a (Hellewell et al. 

1991; Mizgerd et al. 1997; Ganter et al. 2008; Xu et al. 2008).  

 

1.5 Pulmonary diseases 

1.5.1 Acute lung Injury 

Rodent’s acute lung injury (ALI) can be induced by depositing immunoglobulin 

(Ig) G immune complexes intrapulmonary, in turn triggering an inflammatory re-

action. IgG complexes and C5a, which is a product of complement activation, 

activate the lung macrophages and lead to the release of cytokines, for example 

interleukin (IL) -1 and -6, TNF-α, as well as chemokines such as CXC, KC, and 

CC chemokines (Guo and Ward 2002). In LPS-induced ALI, the mechanism is 

not primarily associated with C5a (Rittirsch et al. 2008), but rather with the TLR-

4 and MyD88 signaling cascade. This signaling cascade triggers various intracel-

lular pathways, such as P38, to regulate the production of pro-inflammatory cyto-

kines like IL-1β, IL-6, and TNF-α, by activating the NFkB pathway (Domscheit et 
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al. 2020; Ali et al. 2020). The feature of ALI involves the influx of polymorphonu-

clear neutrophils, interstitial and alveolar edema, as well as intra-alveolar hemor-

rhage. IL-1 and TNF-α induce the expression of adhesion molecules, including 

E-selectin and ICAM-1, on the pulmonary vascular endothelium, thereby increas-

ing neutrophil adhesion and facilitating neutrophil transmigration into the lung in-

terstitial tissue and distal airways (Ward 2003). Chemokine-receptor interactions 

exhibit functional redundancy, with multiple chemokines binding to the same re-

ceptor and a single chemokine binding to multiple receptors (Wissinger et al. 

2008). The generation of CXC chemokines in the lungs results in neutrophil re-

cruitment to the interstitial and alveolar space. Meanwhile, CC chemokines serve 

as autocrine factors that effectively augment the function of macrophages, 

thereby enhancing the production of CXC chemokines (Ward 2003). Using L-IVM 

in conjunction with two-photon confocal microscopy, Ueki et al. established a flu-

orescent influenza viruses infected mice model and observed that the inflamma-

tion induced by viral infections influenced alterations in neutrophil motility and 

reduced the blood perfusion speed in pulmonary capillaries (Ueki et al. 2018). 

Park et al. investigated the alteration of the functional capillary ratio, as a param-

eter used to assess the fraction of functional microvasculature in the pulmonary 

microcirculation and dead space, in acute lung injury induced by sepsis and found 

it decreased in the early stage. Their findings suggest that prolonged neutrophil 

entrapment within the capillaries can develop the generation of dead space (Park 

et al. 2019). 

1.5.2 Chronic pulmonary fibrosis 

Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive lung disease 

marked by an excessive deposition of extracellular matrix proteins within the in-

terstitial lung and a progressive decline in lung function (Martinez et al. 2017). 

Bleomycin, an antibiotic drug that damages DNA of cancer cells as a chemother-

apy, is the most widely used agent to induce pulmonary fibrosis in mice (Hay, 

Shahzeidi, and Laurent 1991). In the early stages of injury induced by Bleomycin, 

the damage is mainly localized to bronchioles, where there is an increase in in-

flammatory cells and early hyperplastic changes in type II pneumocytes, accom-

panied by microvascular leakage. On day 7 following Bleomycin treatment, the 
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damage becomes more diffuse and affects the distal lung parenchyma, with mul-

tiple inflammatory foci and edema observed within the alveolar septum. By day 

14, the lungs display a well-established interstitial fibrosis in a regional distribution, 

accompanied by alveolar septal thickening, elevated macrophage numbers, and 

focal lymphocytosis with lymphoid expansion (Tashiro et al. 2017; Miles et al. 

2020). Although neutrophils are well-known as effector cells in defense against 

acute inflammation, they also contribute to chronic pulmonary fibrosis. Studies 

have found a positive correlation between the ratio of neutrophils to total cells in 

lung tissue and the degree of lung fibrosis (Pardo et al. 2000). NETs secreted by 

neutrophils induce differentiation of lung fibroblasts into myofibroblast phenotype 

by expressing IL-17, which is a major initiator of inflammation/fibrosis. This pro-

motes the fibrotic activity of differentiated lung fibroblasts (Chrysanthopoulou et 

al. 2014). Besides, activated platelets have the ability to release pro-fibrotic me-

diators, which may play a role in the development of lung fibrosis (Crooks et al. 

2014). Zhou et al. elucidated that fibroblast proliferation and trans-differentiation 

into myofibroblasts in the process of Bleomycin-induced pulmonary fibrosis are 

closely associated with thrombopoietin activated megakaryocytes through releas-

ing transforming growth factor-β mostly (Zhou et al. 2019). 

 

1.5.3 Exposure of the pathologically altered lung to NPs  

Exposure to NPs has been reported to induce various patterns of lung inflamma-

tion such as multifocal granulomas, pulmonary fibrosis, and pulmonary emphy-

sema (Warheit et al. 2004; 2007; Chen, Su, et al. 2006). In addition, NP exposure 

aggravates pre-existing pulmonary pathological conditions. Inoue et al demon-

strated that the intratracheal administration of smaller NPs exacerbated lung in-

flammation and pulmonary edema induced by LPS, accompanied by increased 

expression of IL-1β and CC chemokines in the lungs (Inoue et al. 2006). Studies 

have demonstrated that mice exposed to ovalbumin along with NPs exhibit a sig-

nificant increase in goblet-cell hyperplasia and an influx of eosinophils, neutro-

phils, and mononuclear cells. Moreover, exposure to NPs may modify the lung 

inflammatory response, lung hyperresponsiveness, and airway remodeling in-

duced by ovalbumin alone (Last et al. 2004; Inoue et al. 2005; 2007). This pro-

cess is characterized by the promotion of Th immunity, enhanced oxidative 
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stress, and inappropriate activation of antigen-presenting cells such as dendritic 

cells (Inoue et al. 2009; 2010). 

1.6 Advantages and disadvantages of nanomedicines 

targeting the lung and the pulmonary microcirculation 

Nanotechnology has significant potential for medical applications due to the sim-

ilarity in scale between nanomaterials and biological molecules/systems, as well 

as the ability to engineer nanomaterials with specific functions. Unique properties 

and physical characteristics of nanomaterials are utilized as nanomedicine for the 

treatment, diagnosis, monitoring, and control of biological systems. A handful of 

NPs, such as metallic-, semiconductor-, and organic-nanomaterials, have re-

ceived attention towards drug carrier and diagnostic imaging in nanomedicine 

(Kim, Rutka, and Chan 2010). 

Pulmonary drug delivery is an emerging field of technology that encompasses 

two main approaches: i) administering medication through inhalation into the 

lungs, enabling its absorption into the bloodstream via the alveolar epithelium 

(Liang et al. 2020), and ii) delivering drugs via intravenous (i.v.) injection into the 

pulmonary microcirculation (Fu et al. 2002). The lung has been identified as a 

promising “super target” for the delivery of nanomedicines for several reasons. 

Firstly, the lung has a vast surface area and high vascularization, which make it 

an ideal site for drug delivery. Moreover, there are less drug metabolizing en-

zymes in the lungs compared to other organs, which reduces the effects of first-

pass metabolism. Additionally, non-invasive means of drug delivery to the lungs 

allow for localized effects and a more rapid onset of therapeutic action in lung 

diseases such as COPD, asthma, and lung cancer. After being delivered into the 

lung, NPs can passively distribute due to the pathological environment or actively 

cross the thin air-blood barriers and enter the systemic circulation (Smola, 

Vandamme, and Sokolowski 2008; Mansour, Rhee, and Wu 2009; Murgia, 

Carvalho, and Lehr 2014; Qiao et al. 2021). Inhaled as well as injected (i.v.) NPs 

can be modified in terms of their size, shape, surface charge, hydrophilicity, and 

surface modifications. These modifications enable active, passive, or physico-

chemical targeting to specific sites such as the pulmonary endothelium, neutro-
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phils, or areas of inflammation in conditions like acute respiratory distress syn-

drome (ARDS), pulmonary arterial hypertension, and lung cancer. By utilizing 

these strategies, NPs can be designed to effectively deliver therapeutic agents to 

the desired target within the lungs (Deng et al. 2021; Qiao et al. 2021). 

Despite the potential benefits of nanomedicines targeting the lungs, there are 

also some risks of unintended side effects. For example, NPs after inhalation can 

induce the formation of neutrophil plugs (Oberdörster 2001; Buzea, Pacheco, and 

Robbie 2007) and potentially reduce blood flow, which could result in impaired 

gas exchange and respiratory distress (Hellewell et al. 1991; Park et al. 2019). 

Inhaled NPs may trigger an inflammatory response, causing damage to lung tis-

sue (André et al. 2006; Ganguly et al. 2017) and potentially exacerbating pre-

existing lung conditions (Inoue et al. 2005; 2006; Alessandrini et al. 2006; Geiser 

et al. 2014; Sattler et al. 2017). In addition, exposure to NPs induces thrombo-

genic effects in the microcirculation of healthy mice, irrespective of the route of 

administration (i.e., inhalation or infusion). These thrombogenic effects caused 

by NPs are not linked to a local or systemic inflammatory response and appear 

to be independent of pulmonary inflammation (Khandoga et al. 2010). The regu-

latory approval process for nanomedicine particles is complex and time-consum-

ing, which may limit their availability and clinical use (Resnik and Tinkle 2007).  

In summary, nanomedical particles targeting the lung/pulmonary microcirculation 

offer promising benefits for drug delivery and treatment efficiency. However, the 

interactions between NPs and the pulmonary microcirculation are not yet fully 

understood, which may limit their effectiveness and safety. Therefore, careful 

evaluation of the potential risks and benefits of nanomedicine delivery to the pul-

monary microcirculation should be carried out. Hence, we utilize QDs as model 

NPs to investigate their behavior and impact on the pulmonary microcirculation 

under both physiological and pathophysiological conditions.  
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2. Material and Methods 

2.1 Materials 

2.1.1 Equipment and instruments 

Table 2.1: List of laboratory instruments 

Instruments Type Company 

Automatic benchtop tis-

sue processor 

Leica TP1020 Leica Mikrosysteme Ver-

trieb GmbH Mikroskopie 

und Histologie, Wetzlar, 

Deutschland 

Cell culture bench  Thermo ScientificTM He-

rasafeTM KS  

Fisher Scientific GmbH 

Schwerte, Germany 

Centrifuge  3K15  Sigma Laborzentrifugen 

Osterode am Harz, Ger-

many  

Centrifuge  MICRO centrifuge Model 

SD 220VAC  

Carl Roth GmbH + Co. KG 

Karlsruhe, Germany  

Centrifuge CytospinTM Cytospin 2 Thermo Shandon Ltd, UK 

CO2 incubator  CB 150 #01-28940  Binder GmbH Tuttlingen, 

Germany  

FACS cytometer  BD FACSCanto II flow cy-

tometer  

BD Biosciences, State of 

New Jersey, United States 

Freezer  Liebherr Mediline  Liebherr GmbH Ochsen-

hausen, Germany  

Fridge 
Liebherr Comfort  Liebherr GmbH 

Ochsehausen, Germany  

Fridge 
Liebherr Profiline  Liebherr GmbH Ochsen-

hausen, Germany  

Fridge 
Siemens KU18R04  SEG Hausgeräte GmbH 

München, Germany  

Hematology analyzer  
IDEXX ProCyte IDEXX Laboratories, USA 

Histostar 
Thermo Fisher Scientific Thermo Fisher Scientific, 

Carlsbad, USA 

Hyrax C50  
Cryostat Zeiss, Jena, Germany 
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Laboratory pH sensor SevenEasy pH Mettler-Toledo GmbH, 

Switzerland 

Mouse heating pad  Standard, 12.0 x 20.5 cm Harvard Apparatus, Mas-

sachusetts, USA  

Plate reader  TECAN Infinite® M200 

PRO 

TECAN Group Ltd. 

Männdorf, Switzerland  

Plate reader TECAN Safire 2 TECAN Group Ltd. 

Männdorf, Switzerland 

Plate reader LuminexTM 200, 

LX10009257402 

InvitrogenTM, Thermo Fi-

sher Scientific, Carlsbad, 

USA 

Rotary microtome Hyrax M55 Zeiss, Jena, Germany 

Vortexer  VF2 IKA® - Labortechnik Stau-

fen, Deutschland 

Waterbath  LAUDA AQUAline AL 12  LAUDA DR. R. WOBSER 

Lauda-Königshofen, Ge-

many  

Zetasizer Nano ZS MAL1016038 Malvern Panalytical, UK 

 

Table 2.2: List of microsurgical instruments  

Instruments Type Company 

Custom-made vacuum 

window 

Kindly provided by Leon Carlin, Beatson Institute, Can-

cer Research UK 

Extra fine graefe forceps No.11151-10 F•S•T, Hans Gawenda, 

Canada 

Extra fine bonn scissors No.14084-08 F•S•T, Hans Gawenda, 

Canada 

Jeweler forceps 
Dumont No.5 Dumont, Switzerland 

Shaver 
Aesculap Favorita II 

GT104 

Aesculap AG, USA 

Vannas Spring Scissors 
Straight 3mm Cutting Edge F•S•T, Hans Gawenda, 

Canada 
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Table 2.3: List of microscope equipment  

Equipments Type Company 

Beam splitter  T 580 lpxxr Chroma Technology, Bel-

lows Falls, VT, United 

States  

Camera  AxioCam MRm  Carl Zeiss, Oberkochen, 

Germany  

Camera  sCMOS Andor Neo, Abingdon, 

Oxfordshire  

Camera  CCD camera  Megaview, Olympus-SIS, 

Muenster, Germany 

EMCCD cameras  
Rolera EM-C2 cameras  Q-imaging, Surrey, Can-

ada 

Fluorescence excitation 

source  

CoolLED pE-4000  CoolLED Ltd, Andover, 

Great Britain 

Heating system  
Universal fit for every in-

verted microscope 

ibidi GmbH, Gräfelfing, 

Germany  

Imaging software  VisiScope A1 imaging sys-

tem  

Visitron Systems, 

Puchheim, Germany 

In vivo imaging system  Lumina II  Caliper/Perkin Elmer, Hop-

kinton, Massachusetts, 

United States  

Gas incubation system 

for CO2 and O2 

Ibidi Gas Mixer  ibidi GmbH, Gräfelfing, 

Germany  

LED light source  pE-100 CooLED, Andover, United 

Kingdom  

LSFM  Ultramicroscope II  LaVision BioTec GmbH, 

Bielefeld, Germany  

Manometer Magnehelic Serie 2000/2300 Dwyer, Electro-Mation 

GmbH, Deutschland 

Microscope  TCS SP5 SMD Leica, Wetzlar, Germany 

Microscope  Observer.Z1 Inverted 

Phase Contrast Fluores-

cence Microscope 

Carl Zeiss, Oberkochen, 

Germany  

Microscope Axiovert 135  Carl Zeiss, Oberkochen, 

Germany  
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Microscope Laser Scanning Confocal 

Microscope (LSM710)  

Carl Zeiss, Oberkochen, 

Germany  

Objective lens  MVPLAPO 2×/0.5 NA  Olympus, Tokyo, Japan 

Water dipping objective 

lens 

20×, NA 1.0 Carl Zeiss, Oberkochen, 

Germany  

Water immersion objec-

tive 

63×, NA 1.0 Carl Zeiss, Oberkochen, 

Germany 

Zoom body  MVX-10 Olympus, Tokyo, Japan 

 

Table 2.4: List of consumables 

Subject Type Company 

Cell counting chamber BLAUBRAND® Neubauer 

Improved, bright line 

Brand GmbH + Co. KG, 

Werthein, Germany  

Cell culture dish  TC Dish 100 mm, standard  SARSTEDT AG & Co. 

Nümbrecht, Germany  

Cell culture flask  cellstar® T25, T75 Greiner Bio-One GmbH Fri-

ckenhausen, Germany  

Cellulos swabs  Askina® Brauncel B.Braun Melsungen AG, 

Melsungen, Germany  

Combitips  Advanced®, 5ml  Eppendorf AG Hamburg, 

Germany 

Cryo tubes CryoPure Tubes  SARSTEDT AG & Co. 

Nümbrecht, Germany  

EDTA-coated disposable 

plastic capillary pipettes  

50 μl Kabe Labortechnik GmbH, 

Germany 

Eye ointment 5 g, mit 5 % Dexpanthenol Bepanthen, Bayer Vital 

GmbH, Deutschland  

Falcon tube  15 ml, 50 ml  Corning Incorporated New 

York, USA 

Glass coverslips 25 x 25 mm/8 mm diiame-

ter 

VWR, Radnor, USA  

Insulin syringes  MicroFine TM+  BD Biosciences, State of 

New Jersey, United States 
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Indwelling cannula  Introcan® 20 G  B.Braun Melsungen AG 

Melsungen, Germany  

Injection cannula Sterican® Gr. 18, G 26  B.Braun Melsungen AG 

Melsungen, Germany  

Lab gloves Nitril® NextGen®  Meditrade GmbH Kiefersfel-

den, Germany  

Microslide VWR Superfrost Micro 

Slide 

VWR, Radnor, USA  

Microcapillary pipette 5 μl, 50 μl Minicaps Hirschmann Laborgeräte 

GmbH & Co. KG, Germany 

Multi-channel pipet  Research plus® 300 μl  Eppendorf AG Hamburg, 

Germany 

Parafilm PARAFILM® M  Bemis Company, Inc. 

Neenah, USA  

Pasteur pipette  Disposable Glass Pasteur 

Pipettes 230 mm 

Poulten & Graf GmbH Wert-

heim, Germany  

Pipettes  10 μl, 20 μl, 100 μl, 200 μl, 

1000 μl 

STARLAB International 

GmbH Hamburg, Germany  

Pipette tips  10 μl, 20 μl, 200 μl, 1000 μl  Starlab International GmbH 

Hamburg, Germany  

Pipetting aid  pipetus®-akku Hirschmann Laborgeräte 

Eberstadt, Germany 

Precision wipes  Kimtech Science  Kimberly-Clark GmbH Ko-

blenz, Germany  

Reaction tubes  0.5 ml, 1.5 ml, 2.0 ml  Eppendorf, Hamburg, Ger-

many  

Serological pipettes  5 ml, 10 ml, 25 ml, 50 ml  Greiner Bio-One GmbH Fri-

ckenhausen, Germany  

Syringe  1ml, 2 ml, 5ml, 10ml and 

50 ml 

B.Braun Melsungen AG 

Melsungen, Germany  

Steril filtration filters  Filtropur S, 0.45 μm, 100 

μm  

SARSTEDT AG & Co. 

Nümbrecht, Germany  

μ-Slide 8-well  ibiTreat ibidi GmbH, Gräfelfing, 

Germany  
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6-, 12-, 24-, 96-well Cell 

culture Plate 

Greiner CELLSTAR® Cell 

culture plate  

Greiner Bio-One GmbH, 

Frickenhausen, Germany  

 

Table 2.5: List of chemicals 

Chemicals Type Company 

Bucain 2.5 mg/ml Puren Pharma GmbH & 

Co. KG, Germany 

Cromolyn sodium salt  assay ≥ 95%  SigmaAldrich, Taufkirchen, 

Germany  

A438079 hydrochloride 

(Competitive P2X7 antag-

onist) 

≥ 98 % (HPLC) Bio-Techne GmbH, Ger-

many 

Bleomycinsulfat 

aus Streptomyces ver-

ticillus 

B5507-15UN SigmaAldrich, Taufkirchen, 

Germany 

Dichloromethane (DCM)  assay ≥ 99.8 % Sigma Aldrich, Taufkir-

chen, Germany  

Dibenzyl ether (DBE)  assay ≥ 98.0 % Sigma Aldrich, Taufkir-

chen, Germany  

DPBS (1X) Dulbecco’s 

Phosphate Buffered Sa-

line  

500 ml  GibcoTM life technologies 

Thermo Fisher Scientific 

Carlsbad, USA 

eBioscience™ 1x RBC 

Lysepuffer 

200ml Invitrogen, Themo Fisher 

Scientific, USA 

Eosin solution  1 l Carl Roth GmbH & Co. 

KG, Germany 

Entellan® mounting me-

dium  

100 ml Merck Millipore, Germany 

Ethanol absolute 32205-1l Sigma Aldrich, Taufkir-

chen, Germany 

Fluorescence mounting 

medium 

15 ml Dako Omnis, Agilent, 

Santa Clara, USA 

Fentanylcitrat Fentanyl-Piramal®  

0.05 mg/ml  

Piramal Critical Care 

GmbH, Hallbergmoos, 

Germany 
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Giemsa Stain 1 l Merck SA, Darmstadt, 

Germany 

Hydrochloric acid acide chlorhydriique 32 % Merck Millipore, Germany 

Ketamine 100 mg/ml PharmaWiki, Disentis, 

Switzerland 

Lipopolysaccharid aus 

Escherichia coli O55:B5 

L2880-10MG Sigma Aldrich, Taufkir-

chen, Germany 

Mayer’s hemalum solu-

tion 

2.5 l Sigma Aldrich, Taufkir-

chen, Germany 

May Grünwald solution 2.5 l Sigma Aldrich, Taufkir-

chen, Germany  

Methanol  assay ≥ 99.9 %  Sigma Aldrich, Taufkir-

chen, Germany  

Medetomidinhydrochlorid Dormilan® 1 mg/ml Alfavet Tierarzneimittel 

GmbH, Germany 

Midazolam Dormicum® 5 mg/ml Cheplapharm Arzneimittel 

GmbH, Greifswald, Ger-

many 

O.C.T. Compound  Tissue-PlusTM  Fisher Scientific GmbH 

Schwerte, Germany 

Paraformaldehyde (PFA) 4 % in PBS Thermo Fisher Scientific, 

Carlsbad, USA 

Sodium Chloride ACS reagent, assay ≥ 

99.0 % 

Merck Millipore, Germany 

Sucrose S0389-500G, assay ≥ 

99.5 % 

Sigma Aldrich, Taufkir-

chen, Germany 

Tetrahydrofuran (THF)  assay ≥ 99.9 % Sigma Aldrich, Taufkir-

chen, Germany  

Toluidine blue O C.I.52040 Merck Millipore, Germany 

Trypan blue 0.4 %, sterile filtered Sigma Aldrich, Taufkir-

chen, Germany 

Trypsin-EDTA (1X)  0.25 %  Life Technologies Limited, 

Paisley, UK  

Triton-X 100  TritonTM -X  SIGMA-ALDRICH GmbH  

Tween®20  Viscous liquid  SIGMA-ALDRICH GmbH 

Steinheim, Deutschland  
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UltraPureTM
 
distilled water  500 ml  gibcoTM life technologies 

Thermo Fisher Scientific 

Carlsbad, USA 

Xylazine 20 mg/ml WDT, Garbsen, Germany 

Xylol (Isomere) assay ≥ 98.5 % Carl Roth GmbH & Co. 

KG, Germany 

 

Table 2.6: List of NPs 

Name Company 

Melamine resin particles, 940 

nm, Ex/Em 636 nm/686 nm 

microParticles GmbH, Berlin, Germany  

QdotTM 655 ITKTM carboxyl quan-

tum dots  

Invitrogen by Thermo Fisher Scientific, Carls-

bad, USA 

QdotTM 655 ITKTM amino (PEG) 

quantum dots 
Invitrogen by Thermo Fisher Scientific, Carls-

bad, USA 

 

Table 2.7: List of antibodies and reagents 

Antibodies Clone Company 

Alexa Fluor® 488 anti-

mouse Ly-6G Antibody 

1A8  BioLegend, Fell, Germany  

Antibodies for In Vivo 

Mouse Platelet Labeling 

(X649)  

anti – GPIb beta derivative  

 

Emfret Analytics GmbH & 

Co. KG, Würzburg, Ger-

many  

InVivoMAb anti-mouse 

LFA-1α (CD11a) 

M17/4 Bio X Cell, Lebanon, USA 

InVivoMAb anti-mouse/ 

human CD11b 

M1/70 Bio X Cell, Lebanon, USA 

InVivoMAb anti-mouse E-

selectin (CD62E) 

9A9 Bio X Cell, Lebanon, USA 

InVivoMAbs rat IgG1 iso-

type control 

HRPN Bio X Cell, Lebanon, USA 
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InVivoMAbs rat IgG2a iso-

type control  

2A3  Bio X Cell, Lebanon, USA  

Purified anti-mouse TNF-

α Antibody 

MP6-XT22 BioLegend, Fell, Germany 

Purified anti-mouse CD54 

(ICAM-1) Antibody 

YN1/1.7.4  American Type Culture Col-

lection, Manasses, USA  

Purified rat anti-mouse 

CD62P Antibody 

RB40.34 BD Pharmingen, Germany 

Rat Anti-CD62E antibody UZ6 (ab2497) Abcam, Cambridge, UK 

Rabbit Anti-Prx antibody  HPA001868 Sigma-Aldrich, Merck 

KGaA, Germany 

Ultra-LEAF™ Purified 

anti-mouse CD62L Anti-

body 

MEL-14 BioLegend, Fell, Germany 

Ultra-LEAFTM Purified 

Rat IgG2b, κ Isotype Ctrl 

Antibody 

RTK4530  BioLegend, Fell, Germany  

 

Table 2.8: List of mouse strain / cell line 

Cell line / Strain Company 

C57BL/6(WT) mice Charles River, Sulzfeld, Germany  

HUVEC PromoCell, Heidelberg, Germany 

 

Table 2.9: List of kits 

Name Company 

ATP assay kit Sigma-Aldrich, Merck KGaA, Germany 

BCA protein assay kit ThermoFisher scientific, USA 

Bio-Plex Pro Mouse Chemokine Panel 

31-Plex 

Bio-Rad Laboratories, California, USA 

Masson’s-Goldner Trichrome kit Carl Roth GmbH & Co. KG, Germany 
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Quant-iT™ PicoGreen™ dsDNA Assay 

Kits and dsDNA Reagents 

Invitrogen by Thermo Fisher Scientific, 

Carlsbad, USA 

 

Table 2.10: List of software 

Name Company/Developers 

BioPlex Manager 6.2 software Bio-Rad Laboratories, California, USA 

Fiji Rasband, W.S., ImageJ, U. S. National In-

stitutes of Health, Bethesda, Maryland, 

USA 

GraphPad Prism 8.0 GraphPad Software, San Diego, California, 

USA  

Imaris 9.1.0 software Bitplane, Belfast, United Kingdom 

R software (R-4.2.3) R Core Team (2023). R Foundation for Sta-

tistical Computing, Vienna, Austria 

Visiview software Visitron Systems GmbH, Puchheim, Ger-

many 

 

2.2 Methods 

2.2.1 Mice 

Female C57BL/6 (WT) mice were purchased from Charles River (Sulzfeld, Ger-

many) and were subsequently housed in the animal facility of the Helmholtz 

Zentrum München. The mice were kept in Individually Ventilated Cages (IVC) 

with unlimited free access to food and water and were maintained in a pathogen-

free environment with constant temperatures ranging from 20-24 °C, 45-65 % 

humidity and a 12 h light cycle. Mice were exposed by instillation with a 0.1 

ug/mouse dose of LPS (L2880-10MG, SigmaAldrich, Germany) for 24 h to induce 

acute lung inflammation or with 2 U/kg of Bleomycin sulfate (B5507-15UN, Sig-

maAldrich, Germany) for 14 days to induce pulmonary fibrosis. All experimental 

procedures were conducted on mice between 8 and 12 weeks old, in accordance 

with national guidelines, and approved by the Animal Welfare Ethics Committee 

of the local government of the Upper Bavarian Administrative Region (Regierung 



 31 

von Oberbayern), under strict governmental and international guidelines, as per 

EU Directive 2010/63/EU.  

2.2.2 Nanoparticles 

2.2.2.1 Quantum dots 

QdotTM 655 ITKTM Carboxyl and QdotTM 655 ITKTM Amino (PEG) QDs were pro-

cured from Invitrogen Corporation (Karlsruhe, Germany). They comprise a CdSe 

core, a ZnS shell, and additional amine residues on top of a PEG coating (aQDs) 

or carboxyl residues without any coating (cQDs). The hydrodynamic diameter of 

aQDs is measured to be 25.2 nm when suspended in Dulbecco’s Phosphate 

Buffered Saline (DPBS, GibcoTM life technologies Thermo Fisher Scientific Carls-

bad, USA), while the hydrodynamic diameter of cQDs is 18.1 nm (Praetner et al. 

2010). Additionally, the emission wavelength of QDs is 655 nm. The QDs were 

dissolved in 50 µl of DPBS at a concentration of 1 pmol/g and administered via 

i.v. injection into the circulation of mice through the angular vein, utilizing a 1 ml 

insulin syringe (Becton, Dickinson and Company, Franklin Lakes, USA). 

 

2.2.2.2 Melamine resin particles 

Melamine resin particles (MF-FluoRed) were purchased from microParticles 

GmbH (Berlin, Germany). These particles have an excitation wavelength of 636 

nm and an emission wavelength of 686 nm. They are synthesized by an acid-

catalyzed polycondensation process in the presence of red fluorophores, utilizing 

melamine resin precursors in an aqueous solution. The discrete size of the MFs 

is 0.94 ± 0.05 μm. The MFs (2.5 % in stock solution) were diluted with UltraPureTM 

distilled water (GibcoTM life technologies Thermo Fisher Scientific Carlsbad, USA) 

at a 1:50 ratio to prepare a 0.05 % working solution. Prior to each experiment, 

the solution was well mixed, and 50 μl was administered intravenously per mouse. 
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2.2.3 In vivo application of fluorescent antibodies and blocking reagents  

Mice were subjected to deep anesthesia by administering a triple compound of 

medetomidinhydrochlorid (1 mg/kg (body weight, BW), Dormilan® 1 mg/ml, 

Alfavet Tierarzneimittel GmbH, Germany), midazolam (10 mg/kg BW, Dor-

micum® 5 mg/ml, Cheplapharm Arzneimittel GmbH, Greifswald, Germany), and 

fentanyl (0.1 mg/kg BW, Fentanyl-Piramal® 0.05 mg/ml, Piramal Critical Care 

GmbH, Hallbergmoos, Germany) (MMF) via intraperitoneal (i.p.) injection. The 

body temperature of the mice was maintained at 37 °C using a heating pad (Har-

vard Apparatus, Massachusetts, United States). Additionally, an eye ointment 

was applied to relieve ocular discomfort during the anesthetized state. The fluo-

rescent antibodies, blocking antibodies, and antagonists were injected intrave-

nously into the mice via the angular vein 30 min prior to L-IVM utilizing a 1ml 

insulin syringe. All reagents were diluted in DPBS, in the appropriate proportions 

as specified. 

Table 2.11: List of in vivo fluorescent dyes, blocking antibodies, and antagonists 

Name Clone Company Dose 

A438079 hydrochlo-

ride (Competitive 

P2X7 antagonist) 

≥ 98 % 

(HPLC) 

Bio-Techne GmbH, Ger-

many 

30 μg/mouse 

Alexa Fluor® 488 anti-

mouse Ly-6G anti-

body 

1A8  BioLegend, Fell, Germany  
3 μg/mouse  

Antibodies for in vivo 

mouse platelet label-

ing (DyLight 649) 

anti - GPIb-

beta deriva-

tive  

 

Emfret Analytics GmbH & 

Co. KG, Würzburg, Ger-

many  

2 μg/mouse 

Cromolyn sodium salt  
assay ≥ 95 %  

Sigma Aldrich, Taufkirchen, 

Germany  

0.2 μg/g (BW) 

InVivoMAb anti-

mouse LFA-1α 

(CD11a) 

M17/4 Bio X Cell, Lebanon, USA 30 μg/mouse 
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InVivoMAb anti-

mouse/human CD11b 

M1/70 Bio X Cell, Lebanon, USA 30 μg/mouse 

InVivoMAb anti-

mouse E-selectin 

(CD62E) 

9A9 Bio X Cell, Lebanon, USA 20 μg/mouse 

InVivoMAbs rat IgG1 

isotype control 

HRPN Bio X Cell, Lebanon, USA 30 μg/mouse 

InVivoMAbs rat IgG2a 

isotype control 

2A3 Bio X Cell, Lebanon, USA 30 μg/mouse 

Purified anti-mouse 

TNF-α antibody 

MP6-XT22 BioLegend, Fell, Germany 30 μg/mouse 

Purified anti-mouse 

CD54 (ICAM-1) anti-

body 

YN1/1.7.4  American Type Culture Col-

lection, Manasses, USA  

30 μg/mouse 

Purified rat anti-

mouse CD62P anti-

body 

RB40.34 BD Pharmingen, Germany 20 μg/mouse 

Ultra-LEAF™ purified 

anti-mouse CD62L an-

tibody 

MEL-14 BioLegend, Fell, Germany 20 μg/mouse 

Ultra-LEAFTM puri-

fied Rat IgG2b, κ Iso-

type Ctrl antibody 

RTK4530  BioLegend, Fell, Germany  20 μg/mouse 

 

2.2.4 Lung intravital microscopy 

2.2.4.1 Microscope 

The intravital microscope utilized in this study was comprised of a VisiScope. A1 

imaging system (Visitron Systems GmbH, Puchheim, Germany), fitted with a wa-

ter dipping objective (20x, NA 1.0. Zeiss Micro Imaging GmbH, Jena, Germany), 

and a 16-color LED light source for fluorescence epi-illumination (pE-4000; 

CoolLED, UK). During the experiment, a quadband filter set (F66-014, 

DAPI/FITC/Cy3/Cy5 Quad LED ET Set; AHF Analysentechnik AG, Tuebingen, 
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Germany) was employed to excite QDs and Alexa488-labeled anti-Ly6G antibody 

at 40 % output power for 50 ms using the 470 nm LED module, while DyLight649-

labeled anti-GPIb-V-IX complex antibody and MFs were excited at 40 % output 

power for 50 ms using the 655 nm LED module. The emissions from NPs and 

antibodies were separated by a beam splitter (T 580 lpxxr, Chroma Technology 

Corp, Bellows Falls, USA), and then captured by two Rolera EM2 cameras and 

processed using VisiView software (Visitron Systems GmbH, Puchheim, Ger-

many). 

 

2.2.4.2 Experimental protocol 

The experimental procedure closely followed that of a previously published article 

by Headley et al. (Headley et al. 2016) (Fig.5). After being anesthetized deeply 

with MMF via i.p. injection, mice were kept on a temperature-controlled heating 

pad (12.0 x 20.5 cm, Harvard Apparatus, Massachusetts, USA) to maintain body 

temperature at 37 °C. Fluorescent antibodies and inhibitors were applied via i.v. 

injection 30 min prior to L-IVM. The left thorax hair was removed with a shaver 

(Aesculap Favorita II GT104, Aesculap AG, USA), and the skin of the left thorax 

and anterior neck was cleansed with 80 % ethanol before local anesthetization 

with Bucaine (50 μg/site, Puren Pharma). The anterior neck skin was subse-

quently cut with scissors to a 5 mm incision, and tweezers were used to bluntly 

separate the underlying tissue, thereby exposing the trachea. A small 20 G blunt 

catheter (Braun, Melsungen, Germany) was inserted into the incision in the tra-

chea using Vannas Spring Scissors (Fine Science Tools, Hans Gawenda, Can-

ada). The catheter was then connected to a small rodent ventilator (MiniVent, 

Harvard Apparatus, Massachusetts, United States) with a stroke volume of 10 

μl/g (BW) and a breathing rate of 150 breaths/min under a positive end-expiratory 

pressure (PEEP) of 2~3 cm H2O (~0.1 cm/g) with 100 % oxygen, thereby facili-

tating normal breathing patterns in mice. The mouse was placed in a lateral po-

sition on a heating platform, and a circular area of approximately 1 cm diameter 

comprising skin and muscle was excised from the left thorax. A 5 mm incision 

was then made between the 3rd and 4th ribs, and an intercostal insertion window 

with an 8 mm glass coverslip (VWR, Radnor, USA) was inserted into the chest. 
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To stabilize the surface of the lung against the intercostal insertion window, a 

custom system consisting of different manometers (Magnehelic. Dwyer Instru-

ments. inc, USA) and a negative pressure pump (Nupro, St Willoughby, USA) 

provided a suction force of 20-25 mmHg. To maintain deep anesthesia, half of 

the initial dose of MMF (i.p.) was administered every 30 min. At the end of the L-

IVM recording, which typically lasts for 60 min, the mice are sacrificed by ab-

dominal aorta exsanguination. 

 

   

Figure 5. Vacuum stabilized imaging window.  

(A) Schematic transverse section of a thoracic wall with a thoracic window adjusted, as first 

published in 1939 (Terry 1939). (B) Miniaturized negative pressure window for L-IVM in mice, 

as was used with minor modifications in this work. The thoracic window as well as the surgical 

procedure are depicted (Headley et al. 2016). 

 

A 

B 
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2.2.5 Measurement of L-IVM parameters 

2.2.5.1 Quantification of neutrophils and platelets  

Following completion of the thoracic surgery, the initiation of L-IVM imaging of the 

mouse was set as time point 0. To conduct quantitative analysis, 5 randomly se-

lected field of views were recorded within the imaging window at 5-10 min inter-

vals for the QDs, neutrophils, and platelet channels. The image was calibrated to 

a scale of 2.5 pixel/µm by Fiji software (Rasband, W.S., ImageJ, U. S. National 

Institutes of Health, Bethesda, Maryland, USA). The neutrophil count was quan-

tified using the “Trackmate” plugin (Ershov et al. 2022) of Fiji, with an (estimated) 

object diameter of 13.7 µm. To determine the percentage of platelet-covered 

area, the “Threshold” function was used to select the area occupied by platelets, 

and the “Measurement” function was used to quantify the percentage of area 

covered by platelets. 

To accurately measure the migration parameters of neutrophils in the lungs of 

mice, it is essential to obtain high-quality images without any excessive shaking 

or movement. To ensure high-quality imaging without any disturbance, a region 

was identified at 0 min to check the imaging quality. Thereafter, starting at 5 min, 

images of this region were captured every 5 s. The image displacement was rec-

tified using the “Register virtual stack slices” plugin (Arganda-Carreras et al. 

2006) of Fiji, utilizing the “Translation” feature extraction and registration models. 

The velocity and displacement of the neutrophils were subsequently analyzed 

using the "Trackmate" function of Fiji. 

 

2.2.5.2 Blood perfusion velocity 

After 1h of L-IVM, 50 µl of a 0.05 % working solution containing MFs (Ex/Em: 636 

nm/686 nm) was administered intravenously to measure the blood perfusion ve-

locity. Images were acquired using a fast acquisition mode at a rate of every 

0.185 s. Blood perfusion velocity was determined by tracking the trajectory of MF 

fluorescence particles using the “Manual Tracking” plugin of Fiji. The sequential 

images were calibrated to a scale of 2.5 pixel/µm and the time interval was 0.185 

s. This function provided a specific coordinate for the position of the beads at 

each time point. 
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2.2.6 Preparation of bronchoalveolar lavage (BAL) samples for Cytospin 

slides and May-Grünwald staining 

2.2.6.1 BAL and Cytospins slide preparation 

Upon completion of L-IVM imaging, the mice were sacrificed by abdominal aorta 

exsanguination, with the trachea still cannulated with a 20 G catheter. Subse-

quently, DPBS from a bottle which was positioned 20 cm above the mouse was 

instilled into the lung through the cannula and aspirated by pulling on the syringe 

barrel. The first 2 ml and the subsequent 8 ml of recovered bronchoalveolar lav-

age fluid (BALF) were collected separately and put into separate falcon tubes 

(Corning Incorporated New York, USA) on ice. The lavage fluid was then centri-

fuged (4°C, 20 min, 400 g), and the first 2 ml of supernatant was aliquoted and 

stored at -80°C for further analysis. The cell pellet obtained from all 10 ml of lav-

age fluid was resuspended in 0.5 ml of DPBS, and then the resulting cell suspen-

sion was diluted 1:10 in 0.2 % Trypan blue (Sigma Aldrich, Taufkirchen, Germany) 

and counted under a light microscope using a Neubauer counting chamber 

(BLAUBRAND®, Brand GmbH + Co. KG, Werthein, Germany). Only clear cells 

represent living cells, as Trypan blue can cross the membrane of dead cells and 

stain the cytoplasm blue. The cell concentration was calculated using the follow-

ing formula. 

 

A suspension of 3 x 104 BAL cells in 200 µl DPBS was loaded into each cytofun-

nel of a CytospinTM Centrifuge (Cytospin 2, Thermo Shandon Ltd, UK) and cen-

trifuged at 400 rpm for 6 min. The resulting cytospins were removed from the 

cytospin apparatus to obtain a monolayer of cells within the circular area of the 

slide and allowed to dry at room temperature for 2 h. The slides were then either 

frozen at -80 °C or stained directly. 
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2.2.6.2 May-Grünwald staining 

The dried cytospin slides were stained with May-Grünwald according to the fol-

lowing protocol. First, the slides were incubated in May-Grünwald solution (Sigma 

Aldrich, Taufkirchen, Germany) for 10 min, followed by a 2-min rinse in tap water. 

The Giemsa stain (Sigma Aldrich, Taufkirchen, Germany) was then diluted 1: 20 

with tap water to create a working solution. The slides were immersed in Giemsa 

working solution for 15 min, followed by one rinse in tap water and a 2-min soak 

in water. After air-drying overnight at room temperature, the slides were mounted 

with coverslips using Entellan® (Merck Millipore, Germany). Cell classification 

was performed using a bright-field microscope. 

 

2.2.7 Lung tissue section 

2.2.7.1 Lung tissue frozen section 

After completion of L-IVM experiments, anaesthetized mice were humanely sac-

rificed through immediate abdominal aortic bleeding. The entire lung was isolated, 

and a 20 G catheter was inserted into the trachea. The lung was inflated with a 

mixture of 1 ml of cryo-embedded matrix (O.C.T, Cellpath, Newtown, England) 

and 4 % paraformaldehyde (PFA, Thermo Fisher Scientific, Carlsbad, USA) (1:2) 

through the catheter, followed by fixation in 4 % PFA at 4 °C overnight. After 

washing the lung three times with DPBS, it was immersed in a 30 % sucrose 

solution (S0389-500G, Sigma Aldrich, Taufkirchen, Germany) for dehydration un-

til the lung sank to the bottom. Finally, the lung was embedded in O.C.T and 

stored at -80 °C. Subsequently, 6 μm slices of the lung were made using a Hyrax 

C50 cryostat (Zeiss, Jena, Germany). 

2.2.7.2 Lung tissue paraffin section 

In contrast to the frozen section protocol, the lung was inflated with 1 ml of 4 % 

PFA through the catheter and then fixed in 4 % PFA at 4 °C overnight. The lobes 

of the lung were sectioned into slices approximately 2 mm in thickness under the 

airing hood. The slices were then processed using an automatic benchtop tissue 

processor (Leica TP1020, Leica, Wetzlar, Deutschland) and embedded in paraffin 

using a Histostar device (Thermo Fisher Scientific, Carlsbad, USA) before being 
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stored at 4 °C. The embedded lung tissue was sliced into 3 μm sections using a 

Hyrax M55 rotary microtome (Zeiss, Jena, Germany). 

 

2.2.8 3D lung imaging 

Mice were deeply anesthetized with a mixture of xylazine (110 μg, WDT, Garbsen, 

Germany) and ketamine (10 mg, PharmaWiki, Disentis, Switzerland) (i.p.). The 

chest cavity was opened to expose the heart and lung, followed by making a 

small incision in the right ventricle. A 28 G needle attached to a syringe containing 

30 ml of DPBS was inserted into the apex of the left ventricle to perfuse the pul-

monary circulation system slowly with DPBS until the lung faded to white. The 

perfused lung was then fixed in 4 % PFA overnight. Optical clearance was per-

formed as previously described (Yang et al., 2019). The fixed tissue underwent a 

series of incubation steps to prepare it for imaging. This involved incubation in 

50 % Tetrahydrofuran/H2O (THF, Sigma, Burlington, MA, USA) overnight, fol-

lowed by a stepwise increase in THF concentration (50 %, 80 %, and 100 %) for 

1 h each at room temperature, followed by immersion in 100 % THF overnight 

and for an additional hour on the next day. Subsequently, samples were incu-

bated in Dichloromethane (DCM, Sigma, Burlington, MA, USA) for approximately 

20-40 min and finally immersed in dibenzyl ether (DBE, Sigma, Burlington, MA, 

USA) for at least 4-6 h until imaging. Imaging was performed using a light sheet 

fluorescence microscope (LSFM, Ultramicroscope II, LaVision Biotec) equipped 

with an sCMOS camera (Andor Neo, Abingdon, United Kingdom), a 2x objective 

lens (Olympus MVPLAPO 2×/0.5 NA) and an Olympus MVX-10 zoom body with 

a zoom range from 0.63x to 6.3x. The samples were submersed in DBE and 

imaged at varying magnification levels, with imaging steps of 5-10 μm, depending 

on the size of the sample. QDs were excited at 470 ± 30 nm and emission de-

tected at 640 ± 30 nm, while lung autofluorescence was excited at 520 ± 40 nm 

and detected at 585 ± 40 nm, with an exposure time of 100 ms, at 95 % laser 

power. LSFM images was acquired and processed using Imaris 9.1.0 software 

(Bitplane, Belfast, United Kingdom). 
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2.2.9 Blood analysis 

One hour after i.v. administration of QDs, the mice were anesthetized with 100 μl 

of a mixture of xylazine and ketamine (i.p.) until they no longer responded to 

painful stimuli. Blood samples were collected from the angular vein using a mi-

crocapillary pipette (Hirschmann Minicaps, Laborgeräte GmbH & Co. KG, Ger-

many) and 50 µl of blood were collected into an EDTA-coated disposable plastic 

capillary pipette (Kabe Labortechnik GmbH). A complete hematology analysis, 

including numbers of white blood cells (WBC), platelets, erythrocytes related pa-

rameters, and percentages of different WBC, was performed using a Hematology 

Analyzer (IDEXX ProCyte, USA). 

 

2.2.10 Bio-Plex Pro Mouse Chemokine Panel 31-Plex 

After i.v. administration of QDs for 1 h or 24 h, and instillation of LPS for 4 h, blood 

was collected as described in section 2.2.9. The collected blood was then centri-

fuged at 1000 g for 15 min at 4 °C to obtain the supernatant, which was plasma. 

To remove platelets and precipitates, the plasma was centrifuged again at 10000 

g for 10 min at 4 °C, and the resulting plasma supernatant was stored at -80 °C 

for further analysis. The quantification of 31 chemokines was conducted accord-

ing to the manufacture’s protocol for the Bio-Plex Pro Mouse Chemokine Panel 

31-Plex (Bio-Rad Laboratories, California, USA). Briefly, the coupled beads were 

diluted with Bio-Plex assay buffer to 1x. Subsequently, 50 µl of diluted beads were 

added to the assay plate and washed twice using wash buffer. Next, 50 µl of 

serum samples (diluted 1:5 in samples diluent) standards, blank, and control were 

added and incubated at room temperature for 30 min. After three washing steps, 

25 µl of detection antibodies were added to each well and incubated at room 

temperature for 30 min. Following three washing steps with wash buffer, SA-PE 

(50 µl) was added to each well and incubated in the dark at room temperature for 

10 min. Finally, the plate was then washed three times to remove SA-PE and the 

beads were resuspended in 125 µl assay buffer and shaken for 30 seconds prior 

to reading on the LuminexTM 200 (InvitrogenTM, Thermo Fisher Scientific, Carls-

bad, USA) and the BioPlex Manager 6.2 software (Bio-Rad Laboratories, Califor-

nia, USA). A heatmap with hierarchical clustering analysis based on relative 

abundancies of chemokine concentrations was performed using “z score” and 
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“pheatmap” packages (Kolde R, 2019, R package version 1.0.12) in R software 

(R-4.2.3). 

 

2.2.11 dsDNA detection assay 

The quantification of dsDNA levels was conducted as per the manufacture’s pro-

tocol for the Quant-iT™ PicoGreen™ dsDNA Assay Kits (Invitrogen by Ther-

moFisher Scientific, Carlsbad, USA). Briefly, 20 μl of BALF samples, 80 μl of 1x 

Tris EDTA (TE) buffer, and 100 μl of a mixture of PicoGreen reagent and TE buffer 

(1:200) were added to a black 96-well microplate (Greiner Bio-One GmbH, Frick-

enhausen, Germany). The plate was agitated for 3 min, protected from light, and 

subjected to excitation at 475 nm and emission at 510-550 nm using a fluores-

cence microplate reader (Tecan Safire 2, TECAN Group Ltd. Männdorf, Switzer-

land). 

 

2.2.12 BCA protein assay 

Protein levels were determined using the BCA protein assay kit (ThermoFisher 

scientific, USA) as per the manufacturer’s instructions. In brief, 20 μl of BALF was 

added to a 96-well plate, and a mixture of solution A and B (50:1) was added in a 

volume of 200 μl. The plate was incubated at 37 °C for 30 min, shielded from light, 

and the absorbance was measured at 562 nm using a spectrophotometer. 

(TECAN Infinite® M200 PRO, TECAN Group Ltd. Männdorf, Switzerland). 

2.2.13 Histology staining 

2.2.13.1 Haematoxylin and Eosin staining (H&E) 

Step 1. The paraffin slices were placed in a 37 °C incubator for at least 2 h, and 

then processed to deparaffinization as described below (Table 2.12). 

Table 2.12: Deparaffinization step 

Chemicals Time 

Xylol 5 min 

Xylol 5 min 
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100 % Ethanol 1 min 

100 % Ethanol 1 min 

90 % Ethanol 1 min 

80 % Ethanol 1 min 

70 % Ethanol 1 min 

 

Step 2. The slices were processed with Mayer’s Hemalum solution (Sigma Al-

drich, Taufkirchen, Germany) and Eosin solution (Carl Roth GmbH & Co. KG, 

Germany) according to the following protocol (Table 2.13). 

Table 2.13: Mayer’s Hemalum and Eosin solution staining step 

Chemicals Time 

Distilled water 1x dip briefly 

Mayer’s Hemalum (filtered) 5 min 

Tap water  1x dip briefly 

0.1 % Hydrochloric acid (HCL)-Ethanol 

(2 ml 32 % HCL with 200 ml 70 % Ethanol) 

1x dip briefly 

Tap water 10 min 

Distilled water 1x dip briefly 

0.5 % Eosin solution (filtered) 8 min 

 

Step 3. The stained slices were dehydrated using a series of ethanol solutions 

with increasing concentrations (Table 2.14) and were subsequently covered with 

Entellan® before being mounted with coverslips.  

Table 2.14: Dehydration step 

Chemicals Time 

70 % Ethanol 1x dip briefly 

80 % Ethanol 1x dip briefly 

90 % Ethanol 1x dip briefly 

96 % Ethanol 1x dip briefly 
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100 % Ethanol 1~2 min 

100 % Ethanol 1~2 min 

Xylol 5 min 

Xylol 5 min 

 

In general, the nuclei of cells stained with H&E exhibit a blue hue, whereas other 

elements of the lung tissue show a rose-red color. 

 

2.2.13.2 Masson’s-Goldner Trichrome staining 

The paraffin slices were deparaffinized and dehydrated using the same method 

as described in section 2.2.13.1, step 1 and 3. Step 2 of Masson’s-Goldner Tri-

chrome staining (Carl Roth GmbH & Co. KG, Germany) was performed as out-

lined in Table 2.15. Finally, the stained slices were covered with Entellan® and 

mounted with coverslips.  

Table 2.15: Masson’s-Goldner Trichrome staining step 

Chemicals Time 

Weigerts Ironhematoxylin 10 min 

Tap water  1x dip briefly 

0.1 % HCL-Ethanol 

(2 ml 32 % HCL with 200 ml 70 % Ethanol) 

1x dip briefly 

Running tap water 12 min 

Distilled water 1x dip briefly 

Goldner Stain I (Ponceau - Acidfuchsin red) 5 min 

1 % Acetic acid  30 s 

Distilled water 1x dip briefly 

Goldner Stain II (Phosphormolybdemic acid) 8 min 

1 % Acetic acid  30 s 

Goldner Stain III (Lighgreen) 15 min 

1 % Acetic acid  30 s 
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Distilled water 1x dip briefly 

 

Overall, collagen fibers are depicted in green, while the nuclei of cells stained 

with Weigerts Iron hematoxylin shows a dark brown color, and other elements of 

the lung tissue such as cytoplasm and muscle fibers appear red. 

 

2.2.13.3 Toluidine blue staining 

To prepare the Toluidine Blue solutions, 1 g of Toluidine blue O (C.I.52040, Merck 

Millipore, Germany) was mixed thoroughly with 100 ml of 70 % alcohol to create 

the Toluidine Blue stock solution. Additionally, 0.5 g of Sodium Chloride (ACS 

reagent, ≥ 99.0 %, Merck Millipore, Germany) was mixed with 50 ml of distilled 

water (UltraPureTM Dnase/RNnase, InvitrogenTM, USA), and the pH value was 

measured using a laboratory pH sensor (SevenEasy pH, Mettler-Toledo GmbH, 

Switzerland). It was then adjusted to a range of 2.0-2.5 using HCL (32 %, Merck 

Millipore, Germany), resulting in a 1 % Sodium Chloride solution. To create the 

Toluidine Blue working solution, 5 ml of the Toluidine Blue stock solution was 

mixed with 45 ml of freshly prepared 1 % Sodium Chloride solution. It is important 

to maintain a pH value of 2.0-2.5 in the working solution to achieve a strong con-

trast. 

The lung slices were subjected to the deparaffinization protocol described in sec-

tion 2.2.13.1, step 1. Following this, the slices were washed in running water for 

2 min and then immersed in the Toluidine Blue working solution for 2 min. After-

ward, they were washed in distilled water for 2 min. The stained slices were fur-

ther processed in the dehydration step as described in 2.2.13.1, step 3. Finally, 

the slices were covered with Entellan® and mounted with coverslips. This stain-

ing technique is utilized to identify the metachromasia of mast cells, which display 

violet/red-purple metachromatic granules against a blue background tissue. 

2.2.13.4 Immunofluorescence staining 

Frozen slices were rinsed in DPBS solution containing 0.1 % Tween®20 (SIGMA-

ALDRICH GmbH Steinheim, Deutschland) for 3 times, each for a duration of 2 

min. Subsequently, the slices were blocked using DPBS solution comprising of 
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5 % normal goat serum and 0.3 % TritonX-100 (SIGMA-ALDRICH GmbH) for 1h, 

followed by incubation with primary antibodies (Table 2.16), which were suitably 

diluted in antibody diluent solution comprising of DPBS solution with 1 % BSA 

and 0.3 % TritonX-100, at 4 °C overnight. Next, the slices were treated with sec-

ondary antibodies and DAPI for 1 h, both of which were diluted (1:1000) in anti-

body diluent solution. Each step was followed by a washing step in DPBS solution 

containing 0.1 % Tween®20 for 3 times, each for 5 min. Eventually, the stained 

slices were mounted using DAKO fluorescence mounting medium (Dako Omnis, 

Agilent, Santa Clara, USA) and covered with coverslips.   

 

Table 2.16: Information of antibodies  

Antibody Detection system company Dilution 

Anti-CD62E antibody Rat Abcam, Cambridge, UK 1:250 

Anti-Prx antibody 

HPA001868 

Rabbit Sigma-Aldrich, Merck 

KGaA, Germany 

1:500 

 

2.2.14 Statistical evaluation 

All data were presented as mean ± standard error of the mean (SEM) and plotted 

using GraphPad Prism 8 (GraphPad Software Inc., La Jolla, USA), with the sam-

ple size and number of repeats indicated in the figure legends. For normally dis-

tributed data, a two-sided Student’s t-test was used for comparison between two 

groups and if the variances were unequal, a Welch’s t-test was used instead, 

while for nonparametric data, the Mann-Whitney rank-sum test was used. Com-

parisons among multiple groups were performed using a One-way or Two-way 

ANOVA with Tukey’s comparisons test. Significances levels were defined as fol-

lows: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****), while p-

value ≥ 0.05 were considered not significant (ns).  
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3. Results 

3.1 L-IVM and histology of lung in healthy, LPS-, and 

Bleomycin-treated mice  

To investigate the impact of i.v. administration of NPs on the interaction of neu-

trophils and platelets with pulmonary microvessels under physiologic and patho-

physiologic conditions, we utilized mouse models of LPS (0.1 ug/mouse) induced 

acute lung inflammation and Bleomycin (2 U/kg) induced pulmonary fibrosis in 

addition to healthy mice. Prior to the actual NPs application experiments, lung 

physiology and pathophysiologic condition of these mice has been examined.  

3.1.1 Imaging and quantitative analysis of neutrophils 

Before L-IVM, mice were injected intravenously with Alexa488-labeled anti-Ly6G 

antibody which directly labels vascularly localized neutrophils in vivo. Images 

were recorded immediately after surgical insertion of the thoracic window and 

were taken every 5 to 10 min for 1h. At each time point, 5 areas were randomly 

selected for further analysis. Representative L-IVM images of healthy (control), 

LPS-treated and Bleomycin-treated mice at 0 and 60 min are shown in Fig.6 A. 

The lung structure in these microscopic images is clearly visible in healthy mice 

and in mice with acute lung inflammation, whereas in the fibrotic lung, the images 

of the tissue structure appear impaired due to diffuse interstitial changes. At the 

beginning of L-IVM (t=0), the neutrophil numbers in the microvascular among the 

three conditions were similar, only a little lower in LPS-treated mice (Fig.6 B).  

The suction-based L-IVM has been proven to induce minimal early inflammation, 

and any inflammation induced by the method may be attributed to the experi-

mental duration, as it may become obvious over 6 h (Looney and Headley 2018). 

As shown in Fig 6. A and B, a slight increase in neutrophil numbers over 60 min 

occurred in the control (healthy) group that was considered as the baseline level. 

Neutrophil numbers in fibrotic mice did not differ from those in the control group. 

However, in LPS-treated (24 h) mice, recruited neutrophils increased during L-

IVM, probably caused by the microsurgery as a second hit, after a previous pre-

sensitization caused by the LPS stimulation. At 60 min, neutrophil numbers were 
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3.56 ± 0.18 /104µm 2 which was significantly increased as compared to the control 

group (2.37 ± 0.16 /104µm2).  

Taken together, in healthy mice or Bleomycin-treated mice, neutrophil recruitment 

in alveolar microvessels was not induced during L-IVM. But after LPS stimulation, 

the mice undergo an immune response as a result of the L-IVM process, which 

might be considered as a second hit. Under acute pathophysiologic conditions, 

the initial insult (LPS stimulation) primes the immune system, making it more re-

sponsive to the subsequent L-IVM process. This immune response can poten-

tially impact the behavior and functional responses of immune cells in the pulmo-

nary microcirculation.  
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Figure 6. Representative L-IVM images and quantification of time trends of neutrophils 

in the pulmonary microcirculation of healthy, LPS-treated, and Bleomycin-treated 

mice. 

Representative L-IVM images. (A) The upper images depict neutrophils (green) in the pul-

monary microcirculation from healthy, LPS-treated (24 h), and Bleomycin-treated (14 d) mice 

at the start (0 min) of recording after chest surgery. The lower row shows the timepoint of 60 

min. Neutrophils were directly labeled in vivo by i.v. application of Alexa488-labeled anti-Ly6G 

Abs, depicted in bright green points. The autofluorescence outlining alveolar and vascular 

structures is dark green (Scale bar: 50 µm). (B) The changes in neutrophil numbers during 

60 min of L-IVM were quantified and shown. (mean ± SEM, n = 4 mice/group, red * LPS-

treated mice vs control group, Two-way ANOVA test). 

 

3.1.2 Imaging and quantitative analysis of platelets 

To image platelet dynamics, DyLight649-labeled anti-GPIb-V-IX complex was in-

jected intravenously before L-IVM to label platelets. Representative images of 

platelets in the pulmonary microcirculation in the 3 models are shown in Fig.7 A - 

C. The platelets evenly flow through the microvessels in healthy condition, 

whereas at the beginning of the L-IVM process in LPS-treated mice, some large 

clusters of platelets appeared, which subsequently broke up into small pieces 

flowing into different following vessels, as visible in the time lapse of Fig.7 B1 - 

B4. In Bleomycin-treated mice (Fig.7 C), the area covered by platelets was in-

creased as compared to the other conditions. Therefore, we measured the per-

centage of platelet-covered areas per field of view to quantify the platelet covered 

area over time in the different conditions (Fig.7 D). Except at the first timepoint in 

LPS-treated mice, the platelet containing areas did not increase during the pro-

cess of observation. However, in Bleomycin-treated mice, platelet containing ar-

eas in the microcirculation were already increased at early timepoints and in-

creased more during the duration of L-IVM.  

The circulating fluorescent platelets clearly indicate alveolar borders and the 

thickness of the surrounding (interstitial) tissue. Diameter of 15 alveoli and 20 

alveolar interstitial spaces were randomly measured per mouse in each group of 

4 mice. In Fig.7 D, the alveolar size in healthy and LPS-treated mice were similar 

(47.5 ± 1.60 µm and 47.17 ± 1.18 µm), however it was decreased significantly at 

a value of 42.33 ± 1.14 µm in Bleomycin-treated mice. As visible in Fig.7 E, after 
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LPS treatment for 24 h, there was not much change in lung tissue structure, al-

veolar septal thickness was similar (17.44 ± 0.86 µm) as compared to healthy 

mice (17.21 ± 0.82 µm). The alveolar septal thickness in fibrotic mice was signif-

icantly increased to 39.90 ± 2.27 µm.  

In summary, compared with healthy mice, LPS-treated mice exhibit large clusters 

of platelets present at the beginning of the L-IVM process which then separate 

into fragments that circulate in the pulmonary microcirculation. In fibrotic lungs, 

the altered tissue structure can be differentiated from the other conditions by L-

IVM i.e., increased platelet positive areas, increased alveolar interstitial space 

and reduced alveolar diameter. 

   

    

 

Figure 7. Representative platelet images and quantification of platelet dynamics in the 

pulmonary microcirculation of healthy, LPS-, and Bleomycin-treated mice. 

Representative images of platelets recorded by L-IVM. (A) The images show platelet patterns 

in the pulmonary microcirculation of healthy, LPS-, and Bleomycin-treated mice. (B) The time 

lapse of platelet changes in LPS-treated mice is shown. Platelets were directly labeled by 
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DyLight649-conjugated anti-GPIb-V-IX complex, depicted in bright red points. The autofluo-

rescence of alveolar and vascular structures appears dark red. (Scale bar: 50 µm). (C) The 

percentages of the platelet covered area in field of views [%] during 60 min of L-IVM were 

quantified. (D) The alveolar size, (E) and the alveolar septal thickness under the three con-

ditions were quantified. (mean ± SEM, n = 3~4 mice/group, One-way/Two-way ANOVA test). 

 

3.1.3 Analysis of BAL parameters 

At the end of the L-IVM observation procedure, mice were lavaged to obtain BAL 

cells and supernatants, allowing for further exploration of the immune status in 

the bronchial and alveolar environment. BAL cells were collected by Cytospin 

preparation and analyzed by May Grunwald-Giemsa staining to determine the 

cell types. After 24h of LPS instillation for acute lung injury, the total number of 

BAL cells increased to 1.59 ± 0.13 x 106, as compared to 0.27 ± 0.01 x 106 cells 

recovered from healthy mice. Neutrophil numbers increased significantly (118.50 

± 15.59 x 104 vs 0.19 ± 0.07 x 106), whereas there was little change in macro-

phages, monocytes, or lymphocytes. In Bleomycin-induced fibrosis (14 d), the 

amount of BAL cells increased to 2.26 ± 0.27 x 106. Neutrophils remained at lev-

els similar to those in healthy mice, whereas the levels of alveolar macrophages, 

lymphocytes, and monocytes were significantly higher than in healthy mice 

(Fig.8).  
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Figure 8. Quantification and classification of BAL cells of healthy, LPS-treated, and 

Bleomycin-treated mice. 

Quantification of total BAL cells (A), macrophages (B), neutrophils (C), lymphocytes (D), and 

monocytes (E) after L-IVM. May Grunwald-Giemsa stained cytospins of BAL cells were ana-

lyzed. (mean ± SEM, n = 6 mice/group, One-way ANOVA test). 

 

In addition, the first 2 ml of BALF supernatant was collected from mice after 1 h 

L-IVM and levels of protein and free double stranded DNA (dsDNA) have been 

analyzed. As depicted in Fig.9 A, there were no significant differences in protein 

levels between the healthy (0.16 ± 0.03 mg/ml) and LPS-treated group (0.29 ± 

0.04 mg/ml). After 14 d of Bleomycin treatment, the protein levels in BALF super-

natant were significantly increased to 0.98 ± 0.22 mg/ml. dsDNA levels increased 

to 82.67 ± 18.20 ng/ml after 24 h of LPS treatment compared to the healthy indi-

viduals at 4.71 ± 1.10 ng/ml, while dsDNA levels in the Bleomycin-treated group 

were only slightly increased (11.51 ± 1.42 ng/ml) (Fig.9 B). 

 

                             

Figure 9. dsDNA and protein levels detected in BALF supernatants. 

A

     

B 
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The first 2 ml of BALF supernatant was collected and assessed by BCA protein assay kit and 

PicoGreen dsDNA assay kit. The protein (A) and dsDNA (B) levels in the three conditions are 

shown. (mean ± SEM, n = 6~7 mice/group, One-way ANOVA test). 

 

Overall, our analysis of the BAL samples demonstrated that neutrophils were en-

riched in the broncho-alveolar space, along with increased dsDNA levels, follow-

ing LPS stimulation, which aligned with our intended model of acute lung injury 

(ALI). In the context of Bleomycin-induced fibrosis, we observed alterations in 

BAL cell numbers, including macrophages, lymphocytes, and monocytes, as well 

as changes in protein levels and thickening of the alveolar walls. 

 

3.1.4 Histological investigation of lung structure  

To identify histologic alterations of the lung structure, H&E staining for healthy 

and LPS-treated mice and Masson’s-Goldner Trichrome staining for Bleomycin-

treated mice were applied. After lavage, lungs were isolated and kept as paraffin 

section for further staining. In Fig.10, H&E staining shows that the general lung 

structure was not changed in LPS-treated mice (Fig.10 B) as compared to the 

healthy condition (Fig.10 A). The use of Masson’s-Goldner trichrome stain aimed 

to detect the accumulation of collagen in smooth muscle, since collagen synthe-

sis predicts the progression of fibrosis. Fig.10 D shows that Bleomycin treatment 

induced pulmonary fibrosis in mice, as evidenced by an increase in collagen-

positive areas around the trachea and increased alveolar septal thickness.  
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Figure 10. Representative images of H&E stains and Massons-Goldner Trichrome col-

lagen stains on different conditions.  

Images of H&E lung tissue staining from healthy (A) and LPS-treated (B) mice are shown. 

Masson’s-Goldner Trichrome stain of lung tissue from the healthy condition (C) and Bleomy-

cin-treated mice (D) demonstrates the establishment of lung fibrosis. This condition is char-

acterized by the accumulation of massive extracellular matrix components, including colla-

gen deposition, and thickened alveolar septa. Collagens (green color) are highlighted by blue 

arrows; nuclei are shown in dark brown; muscle fibers are in bright red; and erythrocytes and 

cytoplasm are represented in red/orange color. (Scale bar: 20/50 µm). 

 

3.2 Different patterns of QDs interaction with endothelial cells 

in vitro  

Based on the different characteristics of QDs, in vitro experiments were con-

ducted to investigate the interactions of QDs with endothelial cells. We used dif-

ferent surface modified quantum dots, i.e., cQDs and aQDs which are semicon-

ductors of a size of ca. 20 nm with intrinsic specific fluorescence and are clearly 

visible in vivo and in vitro. cQDs have been shown to be taken up very efficiently 

by macrophages as well as endothelial cells in vivo and in vitro, in contrary to 

aQDs (Praetner et al. 2010; Rehberg et al. 2010; 2012; 2016). Human umbilical 

vein endothelial cell line (HUVEC) cultures were utilized to observe and analyze 

the behavior of these different modified QDs at the cellular level. HUVEC were 

cultured and incubated with different modified QDs for 1 h. Consistent with the 

previous reports, cQDs, which have a strong protein binding capacity (Fig.2), 

were observed to be taken up by HUVEC cells after 1 h. However, almost no 

uptake of aQDs, which show weak interactions with biomolecules (Fig.2), was 
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observed in the HUVEC cells. These findings are in line with our previous studies 

(Praetner et al. 2010; Rehberg et al. 2010; 2012; Nekolla et al. 2016) and confirm 

that the QDs used in this study exhibit similar interactions with endothelial cells 

as previously reported. This allows for a comparison of their behavior in the pul-

monary microcirculation, as investigated in this thesis, with their interactions and 

effects in the skeletal muscle. Furthermore, the results emphasize the signifi-

cance of the biomolecule binding ability of QDs in influencing their cellular uptake 

and underscore the importance of understanding their interactions with biological 

systems.  

 

  

   

Figure 11. Representative images of QDs uptake by HUVEC. 

Endothelial cells (HUVEC) were incubated with cQDs and aQDs for 1 h, followed by fixation 

with 4 % PFA for IF staining. The uptake of cQDs by HUVEC was confirmed using fluorescent 

microscopy, with QDs depicted in red, nuclei stained (DAPI) in blue, and the bright filed image 

shown in grey. (Scale bar: 50 µm).  
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3.3 Distribution of QDs in healthy murine lungs after i.v. 

application  

3.3.1 Detection of QDs dynamics in healthy mice after i.v. application 

using intravital microscopy  

Next, we investigated dynamics and distribution of QDs in the murine pulmonary 

microcirculation. Prior to L-IVM, DyLight649-labeled anti-GPIb-V-IX complex Abs 

and Alexa488-labeled anti-Ly6G Abs were applied via the angular vein. The sur-

gery was typically performed in 15 min and immediately after the microscopy re-

cording started (baseline t=0 min). At 5 min, the QDs (1 pmol/g) were i.v. injected. 

During the observation time, images of QDs distribution in the lung microcircula-

tion were captured. After i.v. application, QDs fluorescence was homogenously 

present in the microvessels. In addition, some small cQDs containing fluorescent 

clusters circulated in the microcirculation and part of them gradually interacted 

with the endothelium in the early phase that the association was stable for 60 min 

(Fig.12 A and C). Positive stretches of cQDs along microvessel walls indicate 

cQDs uptake by endothelial cells. However, as shown in Fig.12 B, some big and 

immobile clusters, containing aQDs appeared in capillaries and remained immo-

bile for the whole observation time. At each time point, 10 aggregate free areas 

in the lumen of microvessles were randomly selected for analysis of QDs kinetics 

in the blood by monitoring fluorescence intensity. As revealed in Fig.12 D, the 

intensity of both QD types in the circulation was reduced almost to background 

levels at 60 min.  
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Figure 12. Time lapse of QDs detection in lung microcirculation via L-IVM. 
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Time lapse of cQDs (A) and aQDs (B) clustering within pulmonary microvessels via L-IVM at 

an early stage. The QD clusters are depicted with bright white (Scale bar: 50 µm). (C) Rep-

resentative L-IVM images of cQDs and aQDs at 60min (without clusters) indicate, that cQDs 

are taken up by endothelial cells in some microvesses (white arrow). (D) Quantification of 

fluorescence intensity in the lumen of blood vessels. (mean ± SEM, n = 4 mice/group). 

 

3.3.2 Visualization of QDs distribution in murine whole lungs with tissue 

optical clearing associated with 3D imaging 

To study the exact distribution of QDs in the pulmonary microcirculation, 3D light 

sheet microscopy of the entire lung structure was employed. After the process of 

L-IVM, the murine lungs were perfused with DPBS to remove as much blood as 

possible, followed by the tissue optical clearing process. In Fig.13, 3D imaging of 

a healthy murine lung with autofluorescence is depicted. The whole lung and 

bronchial contouring were clearly visible in the (magnified) images. In mice 

treated with cQDs, only a few fluorescent cQDs points were observed in the pe-

riphery of the lung. The tissue structure appeared less clearly outlined compared 

to the control lung. On the other hand, aQDs spots were clearly detected and 

scattered throughout the lung. Additionally, prominent aggregates of aQDs were 

localized in the blood vessels surrounding the main bronchi. 
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Figure 13. Visualization of QDs distribution in the murine whole lung using 3D imag-

ing. 

3D imaging of lungs after tissue optical clearing from a healthy control mouse, cQDs treated, 

and aQDs treated mouse by i.v. application for 1 h is shown. The images provide an overall 

presentation of the lung tissue. The lung structure with autofluorescence is depicted in green, 

while QDs points are highlighted in bright red color (arrow). (Scale bar: 200/500/1000 µm). 

 

In conclusion, the distribution of cQDs and aQDs in whole lungs was different. 

Both in L-IVM and 3D light sheet microscopy of tissue optical clearing, we ob-

served that cQDs in pulmonary capillaries were more dispersed, leading us to 

speculate that they were likely taken up by endothelial cells. On the other hand, 

aQDs were observed to form larger aggregates and remain in the circulation. 

 



 59 

3.4 QDs elicited neutrophils immune response in the 

pulmonary microcirculation 

3.4.1 Effects of differently surface modified QDs on neutrophils 

recruitment 

The neutrophils are primary responder cells during the rapid immune reaction 

(Liew and Kubes 2019). We concentrated on the alterations in neutrophil num-

bers and migration parameters following the QDs challenge and whether this im-

mune response was different under pathophysiologic conditions, i.e., in LPS and 

Bleomycin treated mice. For this, neutrophils were immunolabeled with i.v. in-

jected Alexa488-labeled anti-Ly6G antibodies during L-IVM.  

As depicted in Fig.14 A, vehicle treatment in healthy mice resulted only in a slight 

increase in neutrophil numbers, rising from 1.36 ± 0.16/104µm2 at the beginning 

to 2.37 ± 0.16/104µm 2 at 60 min. This small increment in the control group is most 

likely due to the thoracic surgery. However, neutrophil levels began to increase 

following i.v. application of aQDs (1 pmol/g) at 20 min and continued to rise until 

60 min. During the last 40 min, the neutrophils count increased considerably in 

the aQDs group compared to the control group, eventually reaching 6.01 ± 

0.37/104µm2. Meanwhile, cQDs (1 pmol/g) only elicited a small increase after 60 

min (3.46 ± 0.42/104µm2).  

Shown in Fig.14 B, as for the LPS-treated mice (24 h) in the absence of QDs, 

slightly lower neutrophil levels (0.97 ± 0.05/104µm2) than the healthy controls 

(1.36 ± 0.16/104µm2), have been detected at t=0. Neutrophil numbers increased 

sharply to 3.55 ± 0.18/104µm2 in the following 60 min, in contrast to healthy con-

trol subjects. Furthermore, neutrophil changes in the LPS-treated mice after ap-

plication of QDs, were approximately the same as in the LPS-treated controls 

over the course of the experiments. From 30 to 60 min, aQDs injection induced 

slightly higher neutrophil counts as compared to the LPS and LPS + cQDs groups.  

Taken together, 24 h after low dose LPS stimulation, thoracic surgery induced 

strong neutrophil responses during the course of L-IVM, whereas exposure to 

QDs had little additional effect. 

In fibrotic lungs of Bleomycin-treated mice as well as in Bleomycin-treated mice 

receiving cQDs (Fig.14 C), the neutrophil numbers at baseline as well as during 
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the 60 min observation period did not differ from healthy controls. Neutrophil lev-

els increased only after exposure to aQDs, reaching a maximum value of 3.38 ± 

0.66/104µm2 after 40 min, before decreasing slightly towards the end. 

 

 

      

 

 

Figure 14. Quantification of the number of recruited neutrophils in the lung microcir-

culation in 3 different mouse models after application of QDs.  

The neutrophil amount was recorded and quantified by L-IVM after QDs (1 pmol/g), or vehicle 

were applied at 5 min (black arrow). At each time point, five fields of view in the imaging 

window, on the lung surface were chosen randomly, recorded, and further analyzed. Results 

of the change in neutrophil count in 3 different mouse models (A: healthy mice, B: LPS-

treated mice (24 h), and C: Bleomycin-treated mice (14 d)) during 60 min were quantified 
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and shown. (mean ± SEM, n = 4 mice/group, green * aQDs vs corresponding control group, 

red * cQDs vs corresponding control group, Two-way ANOVA test). 

 

3.4.1.1 Distribution of neutrophils in capillaries and alveolar space 

Based on the results that aQDs induced neutrophil recruitment in healthy mice, 

we next studied the primary microvessel types in the pulmonary microcirculation 

where neutrophils are recruited after aQDs exposure. We utilized merged images 

of neutrophils labeled with anti-Ly6G (Alexa488) and platelets labeled with anti-

GPIb-V-IX complex (DyLight649) by Fiji software, which allowed us to visualize 

clearly outlined blood vessels. By analyzing these images at two different time 

points (t=0 and t=60), we aimed to quantify the distribution of neutrophils in the 

alveolar space and in microvessels of different sizes.  

Previous studies have indicated that the diameter of small pulmonary arterioles 

and venules is approximately 25 µm (Tabuchi et al. 2008), and it has been ob-

served that recruited neutrophils predominantly accumulate in vessels smaller 

than 10 µm (Yipp et al. 2017). Here we divided the microvessels into three cate-

gories: vessels smaller than 10 µm, vessels ranging from 10-20 µm, and vessels 

larger than 20 µm. In healthy mice, most neutrophils were observed in vessels 

smaller than 20 µm, as shown in Fig.15 C. After one-hour observation of L-IVM, 

the level of recruited neutrophils increased significantly compared to the initial 

time of L-IVM (16.45 ± 1.41 cells/FOV vs. 8.8 ± 0.78 cells/FOV in vessels < 10 µ 

and 14.70 ± 1.47 cells/FOV vs. 7.60 ± 1.22 cells/FOV in vessels 10-20 µm). The 

localization pattern of neutrophils in the pulmonary microcirculation following 

aQDs application was similar to the controls. After 1h aQDs challenge, neutro-

phils showed a significant increase in vessels smaller than 20 µm, especially in 

vessels ranging from 10 to 20 µm (35.90 ± 4.08 cells/FOV vs. 11.20 ± 0.84 

cells/FOV in vessels < 10 µm and 37.30 ± 4.80 cells/FOV vs. 4.80 ± 0.75 

cells/FOV in vessels 10-20 µm). Moreover, neutrophils induced by aQDs for 1 h 

significantly increased in the alveolar space (Fig.15 B) (10.95 ± 0.88 cells/FOV 

vs. 3.60 ± 0.32 cells/FOV) and in vessels larger than 20 µm (6.95 ± 2.39 cells/FOV 

vs. 0.85 ± 0.39 cells/FOV). 

The results of our analysis indicate that aQDs induced the recruitment of neutro-

phils predominately in microvessels smaller than 20 µm in diameter, which are 
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located directly surrounding the alveoli. These microvessels contributed signifi-

cantly to this recruitment process. Furthermore, transmigration of neutrophils to 

the alveolar space had already occurred at this early timepoint. 

 

    

 

Figure 15. Distribution of neutrophils in the alveolar space and in microvessels of dif-

ferent sizes. 

(A) Localization of neutrophils in the alveolar space and in microvessels of different size 

classes was analyzed using the “Multipoint” function of Fiji. Point 0: neutrophils in the alveolar 

space, point 1: neutrophils in vessels smaller than 10 µm, point 2: neutrophils in vessels 

ranging from 10-20 µm, and point 3: neutrophils in vessels larger than 20 µm. Quantitative 

assessment of neutrophils localized in (B) the pulmonary alveolar space and (C) various-

sized microvasculature. (n = 20 areas of observation from 4 mice/group, mean ± SEM, (B) 

One-way ANOVA test, (C) Student’s t test.) 
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3.4.1.2 Quantification of neutrophils in lung sections  

To further confirm the results obtained by L-IVM, lung samples were collected 

from mice 1 h after QDs application and subjected to IF staining. Neutrophils were 

specifically labeled using anti-Ly6G (Alexa488) antibody, and representative im-

ages of control, cQDs-treated, and aQDs-treated lungs are shown in Fig. 16 A, B, 

and C. The images were analyzed using the "Multipoint" function in Fiji software. 

Following a one-hour exposure to QDs, the number of neutrophils in the aQDs 

group significantly increased to 395.30 ± 29.18 cells/field of view (FOV) compared 

to the control group (226.30 ± 7.59 cells/FOV), while the cQDs-treated lungs 

showed 271.50 ± 33.23 cells/FOV. These findings were consistent with the results 

obtained from IVM, indicating that aQDs effectively induced the recruitment of 

neutrophils to the pulmonary microcirculation within 1 h. 

 

         

              

 

Figure 16. Quantification of neutrophils in lung tissue slices. 

Paraffin lung sections (3 µm) obtained from mice after 60 min of QDs application were sub-

jected to staining with Alexa488-labeled anti-Ly6G antibody. Neutrophils in control (A), cQDs-

treated (B), and aQDs-treated (C) lungs are depicted white. Quantification of neutrophils is 

presented in (D). (n = 2 mice/group, mean ± SEM, One-way ANOVA test.) 
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3.4.2 Effects of QDs on the motility of neutrophils in healthy and LPS-

treated mice.  

Next, we focused on the motility of neutrophils in healthy mice after aQDs and 

cQDs i.v. application. Long-term sequences were recorded every 5 seconds at 

areas of high image quality and stability, which are required for further analysis 

of neutrophil movement. The lungs of mice after 14 d of Bleomycin treatment 

were not suitable for long-time L-IVM observation due to diffuse images and 

strong motion artefacts, which distorted the results of neutrophil motility analysis. 

Therefor only healthy mice were included in this section. The time-lapse movies 

were analyzed, and the neutrophil trajectories were automatically generated us-

ing “Trackmate” plugin of Fiji, as shown in Fig.17. 

 

Figure 17. Trajectories of neutrophil movements in healthy mice via L-IVM. 

Neutrophil dynamics were recorded every 5 seconds over a period of 10 min by L-IVM. The 

images were analyzed, and the movement trajectories of neutrophils were automatically gen-

erated by plugin “Trackmate” of Fiji software. The figure displays representative neutrophil 

trajectories during the period of 55-65 min under healthy conditions. Each trajectory is rep-

resented by a different color, indicating tracks of individual neutrophils. (Scale bar: 25 µm). 

 

Depending on the state and movement of neutrophils, there are 3 types of neu-

trophil interactions with vessel walls in the pulmonary microcirculation, involving 

tethering, adhesion, and crawling. Tethering neutrophils were defined as those 

interacting with the endothelium for less than 30 s. Adhering neutrophils were 

defined as those interacting with the endothelial layer for longer than 30 s without 
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any movement. Crawling neutrophils were defined as those exhibiting move-

ments for longer than 30 s (Yipp et al. 2017). Fig.18 depicts the distribution and 

dynamic changes of neutrophil-vessel interactions in healthy mice following QDs 

application. The results demonstrate that, regardless of whether there was an 

additional challenge or not, the population of tethering and crawling neutrophils 

had a trend of increasing after 1 h. In contrast, the number of adherent neutrophils 

remained relatively stable throughout the observation period, with only a slight 

increase observed in response to aQDs. 

These results shed light on the dynamic behavior of neutrophils in response to 

QDs exposure, with tethering and crawling neutrophils being more actively in-

volved in the recruitment process. The stable levels of adherent neutrophils sug-

gest that their adhesion to the endothelium is maintained and might be unaffected 

by the presence of QDs. Due to the challenging surgery and analysis, the sample 

size is limited (only two mice per group). Therefore, the conclusions drawn from 

this section may not be as robust as desired. 

 

       

Figure 18. Quantification of neutrophil interaction patterns in the pulmonary microcir-

culation. 

Neutrophil recruitment steps, namely tethering (A), adhesion (B), and crawling (C) were 

quantified in healthy mice after QDs exposure (in the time periods of 5-15 and 55-65 min) by 

the “Trackmate” plugin of Fiji. Tethering neutrophils were defined as those interacting with 

blood vessel walls for less than 30 s. Adherent neutrophils were defined as those interacting 

for longer than 30 s without displaying any movement. Crawling neutrophils were defined as 

those exhibiting movements for longer than 30 s (Yipp et al. 2017). (Mean value, n = 2 

mice/group). 

 

The crawling velocity of neutrophils in healthy mice was analyzed after catego-

rizing them based on their microvessel interaction types. All crawling neutrophils 
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within an observation area were included in the analysis, and their crawling ve-

locities were measured in two 10-min intervals (5-15 and 55-65 min). Fig.19 pre-

sents the crawling velocity of neutrophils under healthy conditions. Initially, with-

out any treatment, the crawling velocity of neutrophils was measured at 10.55 ± 

1.58 µm/min. At 5 min, QDs (both aQDs and cQDs) were intravenously adminis-

tered. Immediately afterwards, the crawling velocity of neutrophils in the aQDs 

group was measured to be 8.23 ± 1.05 µm/min, while in the cQDs group, it was 

8.63 ± 0.89 µm/min. After 1 h, the crawling velocity of neutrophils in the control 

group was increased, rising from 10.55 ± 1.58 µm/min to 16.60 ± 1.52 µm/min. 

Similarly, in the cQDs group, the crawling velocity significantly increased to 15.57 

± 1.55 µm/min after 1 h. However, after 1 h, the crawling velocity of neutrophils 

in the aQDs group was 8.45 ± 0.37 µm/min, which was significantly lower than 

that in the control and cQDs groups at the same time point.  

These findings suggest that aQDs application can slow down the crawling veloc-

ity of recruited neutrophils in response to this challenge. Considering the previous 

observations that aQDs induced neutrophil recruitment in the pulmonary micro-

circulation, this decreased crawling velocity indicates a potential regulatory effect 

of aQDs on the motility of recruited neutrophils in the pulmonary microvasculature, 

possibly by the induction of specific adhesion molecules (see below). 

 

Figure 19. Crawling velocity of neutrophils in healthy mice after QDs treatment. 

Crawling neutrophils in time lapse movies of 10 min at the indicated timepoints, were auto 

tracked by Fiji and the velocities were analyzed. Velocities of different conditions and times 

are shown. (mean ± SEM, n = 22-174 neutrophils in 10 min form 2-3 mice/group, Student’s 

t-test/One-way ANOVA test). 
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3.4.3 Effect of QDs application on blood perfusion velocity 

At the end of the experiments after 1 h of L-IVM recording, fluorescent melamine 

resin particles microbeads (diameter: 0.94 ± 0.05 μm) were injected intravenously 

to measure the blood perfusion velocity. As shown in Fig.20, A, the microbeads 

can be seen as bright dots, some of which adhere to blood vessels and some of 

which flow freely with the blood stream. The centerline blood perfusion velocity 

was obtained by manually tracking free flowing beads using the “Manual tracking” 

plugin of Fiji. 

In the healthy state as shown in Fig.20 B, blood perfusion velocity after 1 h of the 

L-IVM procedure was 201.6 ± 10 µm/s. After 1 h of exposure to aQDs, blood 

perfusion velocity was significantly reduced to 149.2 ± 8.24 µm/s. Meanwhile, 

cQDs injection resulted in a slightly lower perfusion velocity of 177 ± 8.5 μm/s. 

Compared to healthy controls, the blood perfusion in LPS-treated mice was de-

creased considerably to 119.8 ± 6.43 μm/s (Fig.20 D). In contrast, as shown in 

Fig.20 C, administration of cQDs or aQDs did not further alter blood perfusion in 

LPS-treated mice, with a velocity of 138.5 ± 7.87 μm/s in the cQDs group and 

139.8 ± 8.53 μm/s in the aQDs group. 

 

 

0.2 s 0.6 s 0.4 s 
A  

     



 68 

  

 

 

 

Figure 20. Quantification of blood perfusion velocity. 

(A) Time lapse images of blood perfusion depicted by bead trajectories in the lung microcir-

culation. The sequential images show blood flow direction in blood vessels presented by 

individual microbead trajectories, depicted as different colored lines. Blood perfusion veloci-

ties in healthy (B) and LPS-pretreated mice (C) after 1h of QDs administration are shown. 

(mean ± SEM, n = 2~3 mice/group, One-way ANOVA test.). (D) Blood perfusion velocity of 

healthy and LPS-treated conditions after 1 h L-IVM are presented. (mean ± SEM, n = 2~3 

mice/group, Student’s t-test). 
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3.5 Neutrophil recruitment induced by aQDs: Involvement of 

cellular degranulation and cell adhesion molecules  

To further understand the mechanisms underlying the immune responses in-

duced by aQDs, we performed experiments to inhibit or block various factors or 

molecules that could potentially be involved in cytokine release and neutrophil 

recruitment. 

3.5.1 Inhibition of neutrophil recruitment induced by aQDs by cromolyn 

As previously demonstrated, QDs-induced leukocyte recruitment in skeletal mus-

cle postcapillary venules could be reduced by prior application of cromolyn, an 

inhibitor of cellular degranulation (Rehberg et al., 2010). The inhibitor is described 

to act primarily on mast cells but also on (alveolar) macrophages (Holian, 

Hamilton, and Scheule 1991), which are both well known to release a range of 

mediators to induce the inflammatory process. Therefore, we investigated 

whether cromolyn also inhibited inflammatory response by aQDs in the pulmo-

nary immune system. A dose of 0.2 mg/kg (BW) of cromolyn was administrated 

intravenously to healthy mice 30 min prior to L-IVM experiments. In the cromolyn 

pretreated group receiving aQDs, different neutrophil responses were observed 

compared to the group treated only with aQDs. The starting level of neutrophils 

was similar like the control baseline values. Thereafter, neutrophil numbers were 

only slightly higher than the control group. At 60 min, pretreatment with cromolyn 

largely abolished the neutrophil recruitment induced by aQDs (3.04 ± 

0.62/104μm2 in cromolyn + aQDs vs. 6.01 ± 0.37/104μm2 for aQDs only) (Fig.21). 

Taken together, the inflammation induced by aQDs could be blocked by cromolyn 

pretreatment. 
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Figure 21. Inhibition of cellular degranulation decreased numbers of recruited neutro-

phils induced by aQDs application. 

Neutrophil recruitment over time in the lung microcirculation was quantified by L-IVM. 

Cromolyn, an inhibitor of mast cell and macrophage degranulation, was applied intravenously 

at 0.2 mg/kg (BW) 30 min prior to L-IVM. QDs or vehicle were injected at 5 min (black arrow). 

(mean ± SEM, n = 4 mice/group, green * cromolyn + aQDs vs aQDs group, Two-way ANOVA 

test). 

 

3.5.1.1 Staining of mast cells in lung tissue 

Since membrane stabilizing cromolyn inhibited the neutrophil recruitment induced 

by aQDs and mast cell degranulation has been shown to contribute to early neu-

trophil recruitment (De Filippo et al. 2013), we investigated whether localized 

mast cells in the alveolar region, i.e. in the region where the IVM analysis has 

been conducted, could be responsible for this effect. Previous studies have 

demonstrated that there are a few mast cells present in the lung parenchymal 

tissues of laboratory wildtype mice (Yeh et al. 2021). However, in some patholog-

ical conditions such as allergic pulmonary inflammation, lung ischemia-reperfu-

sion, and influenza infection, there is an increase in the number of mast cells in 

the lung parenchyma (Greenland et al. 2014; Bankova et al. 2015; Zarnegar et 

al. 2018). The lungs were collected and stained with Toluidine Blue as shown in 

Fig.22. In control mice and QDs-treated mice for 1 h, we did not observe any 

significant staining of mast cells in the alveolar region or around bronchioles. 

However, after 4 h of LPS treatment and 24 h of QDs treatment, we observed the 

presence of a few cells located near the bronchioles with violet-colored granules 

stained with Toluidine Blue, which is indicative of mast cells. 

These findings make the contribution of alveolar-localized mast cells to the on-

site initiation of neutrophil recruitment immediately after QDs application implau-

sible. However, it is possible that mast cells in other tissues could be involved in 

the observed effects. Interestingly, QDs (24 h) as well as LPS (4 h) application 

seems to either increase mast cell numbers or increase mast cell granularity 

stained by Toluidine Blue in the lung parenchyma.  
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Figure 22. Toluidine blue stained lung sections of mice following different treatments.  

Representative images depict the staining of metachromatic granules in mast cells, which 

exhibit a violet color, against the blue background of the surrounding tissue in histological 

lung sections obtained after aQDs and cQDs exposure for 1 h and 24 h, LPS treatment for 4 

h, and under control conditions. (Scale bar: 10/20 µm). 
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3.5.2 Suppression of neutrophil recruitment by TNF-α neutralization after 

aQDs application 

Mast cells and macrophages play a role in vivo neutrophil recruitment through 

the release of stored cytokines, especially TNF-α early in the inflammatory re-

sponse induced by immune complexes (Zhang, Ramos, and Jakschik 1992; De 

Filippo et al. 2013; Dudeck et al. 2021). Additional TNF-α promotes the accumu-

lation of neutrophils (Peterson et al. 2006). To elucidate whether the process of 

neutrophil recruitment triggered by aQDs was influenced by TNF-α, neutralizing 

anti-TNF-α monoclonal antibodies (mAbs) were intravenously injected into the 

mice 30 min before L-IVM and aQDs injection. The application of anti-TNF-α 

mAbs significantly decreased the basal levels (t=0 min) of neutrophils during L-

IVM, with a value of 0.85 ± 0.13/104μm2 compared to 1.36 ± 0.16/104μm2 in the 

control group, as shown in Fig.23 B. After the application of aQDs (Fig.23 A), 

neutrophils levels did not increase as in the aQDs-only application group but re-

mained consistently below control neutrophil numbers. Taken together, anti-TNF-

α mAbs induced a significant reduction, with a neutrophil value of 1.83 ± 

0.13/104μm2 after 60 min.  

Interestingly, the application of aQDs along with IgG1 isotype control antibodies 

also showed an inhibitory effect on neutrophil recruitment induced by aQDs, alt-

hough the effect was not as strong as that of the neutralizing anti-TNF-α mAbs. 

Previous studies have demonstrated that IgG isotype can decrease the levels of 

pro-inflammatory cytokines such as IL-1β and IL-6, which are associated with 

neutrophil recruitment (Nguyen et al. 2012). IgG1 is the most abundant isotype 

of IgG in the blood of mice and has been shown to possess anti-inflammatory 

properties by blocking the C5a pathway (Karsten et al. 2012). This could possibly 

explain why the IgG1 isotype exhibited anti-inflammatory effects in our study. 

One hour after L-IVM, blood perfusion rates were quantified by tracking melamine 

resin microbeads. Pretreatment with anti-TNF-α mAbs in mice exposed to aQDs 

restored the reduced blood perfusion velocity caused by aQDs to a value of 247.5 

± 11.09 μm/s, which was significantly higher than the blood perfusion rate in the 

control state (Fig.23 C). 
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Figure 23. Application of neutralizing anti-TNF-α mAbs suppressed neutrophil recruit-

ment and increased the blood perfusion velocity decline induced by aQDs. 

(A) Quantification of recruited neutrophils over time in mice pre-treated intravenously with 

anti-TNF-α mAbs for 30 min prior to L-IVM. (n = 4 mice/group, mean ± SEM. Grey * anti-IgG1 

mAbs + aQDs vs aQDs group, green * anti-TNF-α mAbs + aQDs vs aQDs group, Two-way 

ANOVA test. Black * anti-TNF-α mAbs + aQDs vs control group, Student’s t test). (B) Com-

parison of baseline neutrophils levels with and without anti-TNF-α mAbs 30 min pre-treat-

ment. (n = 4 mice/group, mean ± SEM, Student’s t-test). (C) Quantification of blood perfusion 

velocity in different experimental groups. (n = 3~4 mice/group, mean ± SEM, One-way 

ANOVA test). 

 

3.5.3 E-selectin as a mediator of neutrophil recruitment induced by aQDs 

Neutrophil recruitment involves a complex cascade of selectin and integrin re-

sponses between endothelial cells and neutrophils (Ley et al. 2007; Kim and 

Luster 2015). Unlike in skin and skeletal muscle, the mechanisms of neutrophil 

recruitment in the pulmonary microcirculation are not fully understood yet. Be-

cause the diameter of pulmonary capillaries ranges from approximately 2 to 14 

μm, neutrophils do not roll but undergo mechanical deformation to process in the 
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capillaries (Doerschuk et al. 1993). The role of selectins and integrins in neutro-

phil recruitment in the lung can vary depending on various stimuli (Rossaint and 

Zarbock 2013; Maas, Soehnlein, and Viola 2018). For instance, intratracheal ad-

ministration of LPS from Streptococcal pneumonia induces neutrophil recruitment 

independently of E- or P-selectin, whereas LPS from Escherichia coli causes E- 

and L-selectin-dependent neutrophil recruitment (Mizgerd et al. 1996; Kornerup 

et al. 2010). To further understand the role of selectins in neutrophil recruitment 

induced by aQDs in the pulmonary microcirculation, we administered specific 

neutralizing Abs targeting E-selectin, L-selectin, and P-selectin intravenously 30 

min prior to L-IVM and injection of aQDs.  

As depicted in Fig.24 A, the application of anti-E-selectin mAbs along with aQDs 

resulted in an initial neutrophil value of 0.99 ± 0.15/104μm2, which remained rel-

atively stable over 1h (at 60 min: 1.95 ± 0.40/104μm2), similar to the neutrophil 

numbers in the control group, indicating that aQDs induced neutrophil recruitment 

was abrogated by anti- E-selectin mAbs. However, in mice pretreated with anti-

P-selectin mAbs before the application of aQDs (Fig.24 B), the recruited neutro-

phil numbers remained like those in the aQDs-only application group, with only a 

slight reduction during the last 30 min, that was not significantly different. Regard-

ing L-selectin function, no definitive conclusion could be drawn, as in 3 of 5 mice 

pretreated with anti-L-selectin mAbs for 30 min, there were already a significant 

number of neutrophils accumulated in the lung microcirculation at t=0 (Fig.24 C). 

For the other 2 mice, there were no apparent alterations in neutrophil recruitment 

induced by aQDs compared to the aQDs-only treated group. 
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anti-E-selectin                       anti-P-selectin                  anti-L-selectin 

   

 

Figure 24. Application of anti-E-selectin but not anti-P-selectin or anti-L-selectin neu-

tralizing mAbs reduced neutrophil recruitment elicited by aQDs.  

Quantification of recruited neutrophil numbers over time in mice pretreated intravenously with 

(A) anti-E-selectin or (B) anti-P-selectin mAbs for 30 min followed by application of aQDs. 

(Black arrow indicates aQDs injection at t = 5 min; mean ± SEM, n = 4 mice/group, green * 

anti-E-selectin mAbs + aQDs vs aQDs group, Two-way ANOVA test). (C) Representative L-

IVM images obtained at t=0 min of mice pre-treated intravenously with anti-E-selectin, P-

selectin, and L-selectin mAbs for 30 min. (Scale bar: 50μm). 

 

3.5.3.1 IF staining of E-selectin on lung paraffin sections 

To investigate whether the application of QDs in the pulmonary microcirculation 

induces the expression of E-selectin on the endothelial cell surface, lung sections 

were collected and subjected to IF staining using the CD62E antibody (UZ6 

(ab2497), Abcam, Cambridge, UK). The pulmonary endothelium was labeled with 

the Prx antibody (HPA001868, Sigma-Aldrich, Merck KGaA, Germany). The im-

ages of the stained sections under different conditions are presented in Fig.25 A-
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D. Quantitative analysis revealed a significant increase in CD62E-positive mi-

crovessel segments after the application of aQDs compared to the control group 

(21 ± 1.62/FOV vs. 3.33 ± 0.84/FOV). Additionally, there was also an increase in 

CD62E-positive microvessel segments in the cQDs group (9.33 ± 0.67/FOV). 

These findings suggest that aQDs induce the upregulation of CD62E expression 

on pulmonary endothelial cells, indicating the involvement of E-selectin in neutro-

phil recruitment in the pulmonary microcirculation. 
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Figure 25. Quantification of CD62E on lung slices by IF staining. 

Paraffin lung sections (3 µm) obtained from the control (A), cQDs-treated (B), and aQDs-

treated (with the enlarged image) (C) mice after 1h were stained with Rat Anti-CD62E anti-

body (red), Alexa488-labeled anti-Ly6G antibody (green), Rabbit Anti-Prx antibody (white) 

and DAPI (blue). (Scale bar: 20 µm). The images were analyzed to quantify the number of 

CD62E positive spots, as shown in (D). (n = 3 mice/group, mean ± SEM, One-way ANOVA 

test.) 

 

3.5.4 LFA-1 but not MAC-1, mainly mediated the aQDs induced neutrophil 

recruitment  

LFA-1 and Mac-1, expressed on leukocytes, are key integrins that regulate leu-

kocyte adhesion and migration in the inflammatory response. LFA-1 plays a pre-

dominant role in mediating PMN adhesion to ICAM-1 and ICAM-2, whereas Mac-

1 is primarily responsible to RAGE, JAM-A, and JAM-C. (Ley et al. 2007; 

Kolaczkowska and Kubes 2013; Li et al. 2018). The role of LFA-1 and MAC-1 in 

neutrophil recruitment in the pulmonary microcirculation was addressed. Mice 

were pre-treated intravenously with anti-LFA-1 or anti-MAC-1 neutralizing mAbs 

30 min prior to L-IVM, thereafter QDs were applied intravenously at t=5 min. The 

application of anti-LFA-1 mAbs along with aQDs resulted in neutrophil counts 

similar to the control baseline (Fig.26 A), with a value of 1.31 ± 0.10/104um2 (at 0 

min) and an increase to 2.21 ± 0.19/104um2 (at 60 min). Notably, neutrophil re-

cruitment induced by aQDs was effectively inhibited by the anti-LFA-1 mAbs. Fur-

thermore, the blood perfusion velocities in the different mAb treatment groups 

after 1h of L-IVM were analyzed (Fig.26 C). When compared to controls (201.6 ± 
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10 um/s), anti-LFA-1 mAbs significantly recovered the reduced blood perfusion 

speed after aQDs injection from 149.2 ± 8.23 um/s to 185.7 ± 9.79 um/s.  

These findings suggest that LFA-1 plays a critical role in the process of neutrophil 

recruitment induced by aQDs. Inhibition of LFA-1 effectively suppressed neutro-

phil recruitment, and this was accompanied by an improvement in blood perfusion 

velocity. These results indicate that LFA-1 is possibly involved in the adhesion 

step of neutrophil recruitment in response to aQDs in the pulmonary microcircu-

lation. The restoration of blood perfusion velocity after anti-LFA-1 mAbs treatment 

suggests that blocking LFA-1 mitigates the impact of aQDs on the pulmonary 

microcirculation. 

In Fig.26 B, the administration of anti-MAC-1 mAbs appeared to have a dynamic 

effect on neutrophil recruitment induced by aQDs. Initially, the pretreatment with 

anti-MAC-1 mAbs decreased the number of recruited neutrophils. However, the 

neutrophil numbers at 60 min increased again (5.43 ± 0.74/104um2) in the anti-

MAC-1 mAbs + aQDs group and became approximately equal to the neutrophil 

numbers obtained after only aQDs administration (6.01 ± 0.37/104um2), indicating 

that anti-MAC-1 slow down the neutrophil recruitment. This suggests that while 

MAC-1 may play a role in the initial recruitment of neutrophils in response to 

aQDs, other factors or compensatory mechanisms might come into play after 1 

h, leading to the recovery of neutrophil recruitment even in the presence of anti-

MAC-1 mAbs. 

Following our investigation of LFA-1 and MAC-1 functions in the neutrophil re-

cruitment cascade, we aimed to study the role of ICAM-1, an important endothe-

lial adhesion molecule and ligand of LFA-1. However, during the experiment, we 

encountered unexpected challenges. The administration of anti-ICAM-1 mAbs to 

5 mice for 30 minutes resulted in adverse effects, including inflammation detected 

by L-IVM or even death of the mice at the start of L-IVM, for reasons that are 

currently unknown. As a result, we were unable to proceed with the investigation 

of ICAM-1 in this study, and this issue requires further investigation to better un-

derstand the underlying mechanisms and potential complications associated with 

anti-ICAM-1 mAbs treatment. 
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Figure 26. Inhibition of LFA-1 but not MAC-1 reduced neutrophil recruitment elicited 

by aQDs. 

Quantification of recruited neutrophil numbers over time in mice pre-treated intravenously 

with (A) anti-LFA-1 mAbs or (B) anti-MAC-1 mAbs or isotype control Abs 30 min prior to L-

IVM and aQDs exposure at 5 min (black arrow). (mean ± SEM, n = 3~4 mice/group, green * 

anti-LFA-1/anti-MAC-1 mAbs + aQDs vs aQDs group, Two-way ANOVA test). (C) Quantifica-

tion of blood perfusion velocities in different experimental groups at t=1 h. (mean ± SEM, n = 

3 mice/group, One-way ANOVA test).  
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3.5.4.1 Effects of LFA-1 and Mac-1 on velocity of crawling neutrophils in 

inflammation 

The effects of LFA-1 and MAC-1 on the velocities of crawling neutrophils induced 

by aQDs were further investigated. The patterns of recruited neutrophils after the 

administration of different inhibitors were depicted in Fig.27. There was an obvi-

ous trend of increased numbers of tethering, adherent, and crawling neutrophils 

in the group pretreated with anti-MAC-1 mAbs compared to only aQDs applica-

tion, both at 5-15 minutes and 55-65 minutes. Regarding the velocity of crawling 

neutrophils at 5-15 min, there were no significant alterations observed after pre-

treatment with either anti-LFA-1 or anti-MAC-1 mAbs compared to only aQDs 

application. However, at 55-65 minutes, both inhibitors were able to reverse the 

decreased velocities of crawling neutrophils induced by aQDs (8.45 ± 0.37 

um/min) to 12.18 ± 1.14 um/min and 11.31 ± 0.30 um/min, respectively, although 

the velocities did not return to the levels observed in the control group at the same 

time (16.60 ± 1.52 um/min). 

These findings suggest that LFA-1 and MAC-1 play a role in influencing the crawl-

ing step of neutrophil recruitment induced by aQDs in the pulmonary microcircu-

lation. It appears that aQDs can slow down the crawling velocities of recruited 

neutrophils through the involvement of LFA-1 and MAC-1. However, after inhibit-

ing the effects of LFA-1 and MAC-1 with specific antibodies, the crawling veloci-

ties of neutrophils may be restored, indicating that these adhesion molecules are 

responsible for the observed slowdown in neutrophil crawling.  
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Figure 27. Effects of LFA-1 and MAC-1 on neutrophil interaction patterns in the pulmo-

nary microcirculation. 

Quantification of tethering (A), adhesion (B), and crawling (C) neutrophils in healthy mice 

pretreated with either anti-LFA-1 or anti-MAC-1 mAbs after QDs exposure are shown (in the 

time periods of 5-15 and 55-65 min) (Mean value, n = 2 mice/group). (D) Velocities of crawling 

neutrophils in different conditions and times are shown. (mean ± SEM, n = 22-365 neutrophils 

in 10 min form 2 mice/group, One-way ANOVA test). 

 

3.6 Analysis of chemokine concentrations in blood serum 

after treatment with QDs and inhibitors/neutralizing 

antibodies 

3.6.1 Dynamics of chemokine concentrations following different 

applications 

The distribution and presence of QDs in blood can influence the overall function-

ality of the cardiovascular system and affect other organs. Given the previously 

observed effects of i.v. application of aQDs on leukocyte recruitment in the pul-

monary microcirculation by L-IVM, we sought to investigate further the systemic 

change in the circulatory system following QDs application. To this end, the Bio-

Rad mouse chemokine 31-plex assay, as described in section 2.2.10, was em-

ployed to detect changes in chemokine concentrations in the circulatory system 

after various treatments. Data analysis was conducted using the “z score” and 

“pheatmap” package (Kolde R, 2019, R package version 1.0.12) in R software 
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(R-4.2.3) to visualize the chemokine concentration changes detected in serum 

samples (Fig. 28). 

The heatmap depicts the dynamic changes in chemokine levels in the systemic 

circulation following QDs challenge, with LPS serving as the positive control. Both 

cQDs and aQDs application for 1h or 24h resulted in increased concentrations of 

certain chemokines, some of which showed similar patterns of change as ob-

served with LPS stimulation. Notably, chemokines such as CCL22, CCL27, IL-4, 

CXCL12, and CXCL13 exhibited increased levels following cQDs 1h application, 

while IL-6, CXCL10, CCL24, IL-1b, and IFN-gamma showed increased levels af-

ter aQDs 1h application. Furthermore, aQDs were found to enhance the levels of 

chemokines, including CCL3, IL-10, CCL4, and CXCL11, while decreasing the 

levels of chemokines such as IL-16, CX3CL1, CCL1, and CCL12 after 1h. After 

24h of application, aQDs significantly increased the levels of IL-4, IL-1b, GM-CSF, 

IFN-gamma, TNF-α, and certain CXC and CC chemokines in the systemic circu-

lation. On the other hand, cQDs mainly increased the level of TNF-α at this time 

point.  

As visualized by the heatmap, there were global alterations in chemokine levels 

across different treatments, highlighting specific shifts in chemokine patterns in 

the systemic circulation. In the next chapter, we will further analyze and delve into 

the specific changes observed in some chemokines. 
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Figure 28. Heatmap of chemokine concentration alterations in the systemic circulation 

after treatments with QDs and LPS as well as under control conditions. 

After treatments of QDs (1 pmol/g) i.v. for 1h or 24h and LPS (0.1 μg/mouse) by instillation 

for 4 h as positive control, the blood was collected to obtain plasma for Bio-Plex Pro Mouse 

Chemokine Panel analysis. Data in columns represents an average value from 3 to 4 biolog-

ical replicates. The color key is presented by row Z-score, indicating the level of expression 

(low: blue; high: red). The heatmap (Kolde R, 2019, R package version 1.0.12) also includes 

hierarchical clustering analysis to identify patterns and relationships between the chemo-

kines. Graphic was edited using R software (R-4.2.3). 

 

3.6.2 Differential effects of various treatments on chemokine expression 

The global heatmap provided an overview of the relative changes in chemokine 

concentrations under various conditions, but it did not provide absolute differ-

ences of individual chemokines. To focus on this issue, we selected several prom-

ising chemokines from the heatmap for further analysis (Fig.29). 

IL-6 is a multifunctional chemokine produced by various immune cells that exhib-

its both pro- and anti-inflammatory properties. It promotes inflammatory events 

by activating and proliferating lymphocytes, inducing the differentiation of B cells, 

recruiting leukocytes, and triggering an acute phase protein response to physio-

logic stimuli. IL-6 exhibits both local and systemic effects in response to physio-

logical stimuli as needed. IL-10 is an anti-inflammatory chemokine, which is 

mainly produced by monocytes and lymphocytes, usually followed by secretion 

of proinflammatory factors, such as IL-1, IL-16, and TNF-α. IL-10 exerts its effects 

through autocrine or paracrine signaling, modulating the localized inflammatory 

response, and also exhibits endocrine effects, regulating inflammation at the sys-

temic level (Stenvinkel et al. 2005). Significant changes in the concentrations of 

IL-6 and IL-10 have been detected after the different treatments. Specifically, the 

level of IL-6 was significantly higher after 4 h of LPS treatment (76.24 ± 14.19 

pg/ml) compared to control values (9.14 ± 3.69 pg/ml). An increased IL-6 concen-

tration (72.28 ± 36.50 pg/ml) was observed in the aQDs 1 h group. Similarly, an 

increased in IL-10 was also observed in the aQDs 1 h group (898.00 ± 159.90 

pg/ml) compared to the controls (393.10 ± 108.90 pg/ml), although the difference 

was not statistically significant. 
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Additionally, macrophage inflammatory protein (MIP)-1a/CCL3 and MIP-1b/CCL4 

are chemotactic and proinflammatory regulators expressed by lymphocytes and 

monocytes/macrophages (Maurer and von Stebut 2004). CCL3 is known to me-

diate neutrophil recruitment in murine immune inflammation, depending on the 

TNF-α pathway, which is also a proinflammation cytokine produced by various 

cells, including macrophages, lymphocytes, and endothelial cells (Ramos et al. 

2005; Reichel et al. 2009). Our results showed a significant increase of CCL3 

levels in the aQDs 1 h group to 17.35 ± 3.10 pg/ml, compared to controls (4.76 ± 

1.53 pg/ml), while a trend towards an increase in CCL4 concentration was ob-

served in the aQDs 1 h group (139.50 ± 33.92 pg/ml vs 60.19 ± 14.77 pg/ml). 

However, there was no significant difference in TNF-α concentrations observed 

in the different treatments. 

In addition to the previously mentioned chemokines, macrophage-derived chem-

okine (MDC)/CCL22 was also found to be altered in response to the various ap-

plications. MDC/CCL22 is a proinflammatory chemoattractant for CCR4-express-

ing Th2 lymphocytes, monocyte-derived dendritic cells, and natural killer cells, 

and is known to regulate pulmonary levels of MIP-2 and MIP-1 (Richter et al. 

2014). Our results showed that aQDs 1 h and LPS 4 h treatments induced higher 

CCL22 levels (92.26 ± 7.71 pg/ml; 110.40 ± 16.82 pg/ml) compared to controls 

(57.58 ± 5.00 pg/ml). 

Eotaxin/CCL11 and Eotaxin2/CCL24, on the other hand, are known to attract 

CCR3-expressing eosinophils, Th2 lymphocytes, basophils, mast cells, neutro-

phils, and macrophages in response to allergen challenge. Notably, a significant 

increase in Eotaxin2/CCL24 levels (2243.00 ± 164.40 pg/ml vs 1688.00 ± 106.80 

pg/ml) and a trend of enrichment in Eotaxin/CCL11 (335.70 ± 79.18 pg/ml vs 

171.70 ± 24.76 pg/ml) were observed in the cQDs 1 h treated group compared to 

the corresponding controls. Moreover, LPS treatment for 4 h also significantly 

induced Eotaxin2/CCL24 levels to 2694.00 ± 108.10 pg/ml.  

Different modified QDs induce changes in some chemokines. Overall, these indi-

vidual alterations of chemokines in the systemic circulation provide further in-

sights into the effects of the different treatments on the immune response. 
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Figure 29. Alterations of chemokine concentrations in blood serum after aQDs, cQDs (both 

for 1 h and 24 h), LPS (4 h) and vehicle control (1 h) applications, including IL-6, IL-10, MIP-

1a/CCL3, MIP-1b/CCL4, MDC/CCL22, TNF-α, Eotaxin/CCL11, and Eotaxin2/CCL24, re-

spectively. (mean ± SEM, n = 3~4 mice/group, Student’s t test). 

 

3.7 The effect of extracellular ATP (eATP) on neutrophil 

recruitment 

3.7.1 eATP levels in systemic circulation and BALF following QDs 

application 

Based on our findings, aQDs were found to increase chemokine levels in the 

systemic circulation and induce the neutrophil recruitment in the pulmonary mi-

crocirculation. We hypothesized that aQDs in the blood might cause cell stress 

or damage, leading to the release of damage-associated molecular patterns 

(DAMPs) that activate immune responses. eATP acts as a pro-inflammatory stim-

ulus triggered by tissue injury and robust activation of immune cells (Di Virgilio et 

al. 2017). In a mouse model of acute lung injury, eATP mediated the later stages 

of neutrophil recruitment to the lung, such as emigration (Shah et al. 2014).  

To explore the potential role of eATP in the observed immune responses, we con-

ducted a detection of eATP in plasma and BALF after QDs treatments (Fig.30). 

There was a noticeable trend of increased eATP concentrations after 1 h appli-

cation of aQDs, and this increase became significant after 24 h of aQDs admin-

istration in the systemic circulation compared to controls, which might be released 

from stressed cells and potentially activate inflammation. The P2X7R antagonist 

did not block eATP release. On the other hand, in the BALF, aQDs application to 

the systemic circulation results in a slight decrease in eATP levels after 1 h, and 

the P2X7R antagonist further reduces these levels. Interestingly, after 24 h, eATP 

levels in BALF return to control levels which might indicate a resolution of inflam-

mation over time.  
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Figure 30. eATP concentrations after QDs application. 

In freshly prepared plasma (A) and BALF (B) samples, collected from mice after the applica-

tion of aQDs and cQDs, eATP concentrations were determined. (mean ± SEM, n = 4 mice, 

Student’s t test). 

 

3.7.2 P2X7R activation is involved in the cascade of neutrophil 

recruitment induced by aQDs 

P2X7R is expressed on inflammatory cells such as monocytes, macrophages, 

DC cells, and lymphocytes, and it plays an important role by interacting with eATP 

(Tran et al. 2010). The receptor acts as an ATP-gated cation channel, allowing 

an influx of calcium ions (Ca2+) and sodium (Na+) and efflux of potassium (K+). 

Upon activation, P2X7R and subsequent ion flux trigger various cellular re-

sponses, including inflammation and neutrophil recruitment (da Silva et al. 2013; 

Janks, Sprague, and Egan 2019; Rotondo et al. 2022). However, the function of 

P2X7R in recruiting neutrophils in the pulmonary microcirculation is not known. 

To investigate the role of P2X7R in aQDs-induced neutrophil recruitment and 

blood perfusion changes, we administered a P2X7R antagonist (A438079, 30 

μg/mouse, BioTechne GmbH, Germany) intravenously 30 min prior to L-IVM and 

aQDs injection. In Fig. 31 A and B, the results showed that the P2X7R antagonist 

attenuated aQDs-induced neutrophil recruitment, and the trend in neutrophil 

numbers was similar to that of controls, with neutrophil numbers of 1.98 ± 

0.61/104um2 at 60 min. Furthermore, compared to 149.2 ± 8.2 um/s in the aQDs 

A B 
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group, the blood flow velocity in the aQDs group pretreated with the P2X7R an-

tagonist increased significantly to 199.0 ± 11.0 um/s, reaching control group lev-

els (201.6 ± 10.0 um/s).  

These results indicate that the P2X7R antagonist can reduce inflammation and 

restore the diminished blood perfusion induced by aQDs. This suggests that tar-

geting the P2X7R pathway may be a potential therapeutic approach to mitigate 

the adverse effects of aQDs on the pulmonary microcirculation and inflammation.  

 

 

Figure 31. Neutrophil recruitment induced by aQDs was related to P2X7R activation in 

the pulmonary microcirculation. 

(A) Quantification of recruited neutrophils over time after aQDs application in mice with and 

without pre-treatment by i.v. injection of P2X7R antagonist (A438079, 30 μg/mouse) 30 min 

prior to L-IVM (aQDs injection at 5 min indicated by arrow). (mean ± SEM, n = 4 mice/group, 

* compared with aQDs group, Two-way ANOVA test). (B) Quantification of blood perfusion 

velocity after 1 h of L-IVM. (n = 3 mice/group, in P2X7R antagonist + aQDs group, n = 4 

mice/group, One-way ANOVA test,). 

 

3.7.3 Effects of P2X7R antagonist on aQDs induced neutrophil motility 

changes in the pulmonary microcirculation  

To further investigate the role of P2X7R in neutrophil recruitment induced by 

aQDs, we examined the motility of neutrophils after pretreatment with the P2X7R 

antagonist in detail. Neutrophils were imaged at 5 s intervals, and individual neu-

trophils were automatically tracked using Fiji, as described in section 3.3.2. 

A       B       
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The results depicted in Fig.32 show that a 30 min pretreatment with the P2X7R 

antagonist significantly reversed the reduced crawling velocity of neutrophils in-

duced by aQDs. The crawling velocity increased from 8.23 ± 1.05 µm/min to 

14.04 ± 0.91 µm/min. After 60 min, the crawling velocity of neutrophils in the 

P2X7R antagonist + aQDs group (12.96 ± 0.44 µm/min) was significantly higher 

than that of the aQDs group alone (8.45 ± 0.37 µm/min), but still lower than that 

of the control group (16.60 ± 1.52 µm/min).  

These findings demonstrate that the P2X7R antagonist has a significant impact 

on the crawling velocity of neutrophils in response to aQDs. Ion flux, especially 

Ca2+ inflow and K+ outflow, has been shown to be related to neutrophil activation 

and recruitment (Immler, Simon, and Sperandio 2018; Immler et al. 2022). We 

speculate that this antagonist likely acts through this pathway to effectively re-

verse the initial decrease in crawling velocity induced by aQDs and partially re-

store the velocity. However, since the restoration of crawling velocity does not 

fully reach the level observed in the control group, it suggests that other factors 

may also contribute to the observed effect.  

 

 

Figure 32. Pretreatment with P2X7R antagonist restores crawling velocity of neutro-

phils. 

The crawling neutrophils in time-lapse movies taken at 5-15 min and 55-65 min after aQDs 

application were automatically tracked using Fiji, and the velocities were analyzed. The ve-

locities of different treatments and time points are shown in the graph. (mean ± SEM, n = 22-

247 neutrophils in 10-min interval form 2 mice/group, One-way ANOVA test). 
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3.8 Platelet responses to QDs application in the pulmonary 

microcirculation 

In addition to analyzing neutrophil immunoreactivity in the pulmonary microcircu-

lation, we also investigated the effects of QDs application on platelets. 

DyLight649-labeled anti-GPIb-V-IX complex mAbs were injected intravenously 

before L-IVM to label platelets, and QDs were subsequently administered intra-

venously after baseline recording. The percentage of the platelet-covered area in 

each field of view was quantified, and the results were presented as the mean 

fold change in percentage normalized to 0 min for each condition. The platelet 

results under different conditions, including healthy, LPS-treated, and Bleomycin-

treated mice after exposure to QDs, were presented in section 3.1.2.  

In healthy mice (Fig.33 A), cQDs induced an increase in the platelet-covered area 

at t=10 min, peaking at 2.37 ± 0.27 compared to 1.26 ± 0.17 in controls at this 

time, and then decreased to baseline levels until 60 min. However, in LPS-treated 

mice (Fig.33 B), cQDs only significantly increased the platelet-covered area at 30 

min, with a percentage of 2.07 ± 1.15 compared to 0.76 ± 0.03 in LPS-treated 

control mice. On the other hand, in Bleomycin-treated mice (Fig.33 C), cQDs in-

duced a longer duration of platelet-covered area increase, ranging from 10 min 

to 30 min. In all conditions, exposure to aQDs did not significantly alter platelet 

dynamics, and the overall trend was similar to the respective control groups.  
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Figure 33. Quantification of the platelet-covered area after QDs application in different 

tissue conditions.  

The fold change in the percentage of platelet-covered area in the fields of views in the pul-

monary microcirculation of healthy (A), LPS-treated (B), and Bleomycin-treated (C) mice dur-

ing 60 min of L-IVM was quantified. QDs were applied at 5 min (indicated by the arrow). 

(mean ± SEM, n = 2~4 mice, * compared with the control group of each respective condition, 

Two-way ANOVA test). 

 

3.9 Changes in BAL parameters and blood cell composition 

following QDs application 

3.9.1 Analysis of BAL cell numbers and composition 

As described in section 3.1.3, BAL cells were collected and analyzed. The results 

presented in Fig.34 show that the application of aQDs and cQDs for 1 h did not 

have any significant effects on BAL parameters, including total cell numbers and 

cell counts of macrophages, neutrophils, lymphocytes, and monocytes in healthy 

and Bleomycin-treated (14 d) mice. However, in LPS-treated mice after 24 h, the 

B       
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application of both QDs types (for 1 h) resulted in decreased numbers of total 

BAL cells, neutrophils, and monocytes.  

These findings suggest that the application of QDs to the systemic circulation 

impacts the BAL cell composition under pathophysiologic tissue conditions in-

duced by prior LPS treatment. However, this effect could not be observed through 

the L-IVM approach used in this thesis. 

 

 

 

Figure 34. BAL cell analysis after QDs application in healthy, LPS-treated, and Bleo-

mycin-treated mice. 

Quantification of total BAL cells (A), macrophages (B), neutrophils (C), lymphocytes (D), and 

monocytes (E) after L-IVM was shown (QDs were applied 1 h prior to lavage). May Grunwald-

Giemsa stained cytospins of BAL cells were analyzed. (mean ± SEM, n = 6 mice/group, One-

way ANOVA test). 

 

3.9.2 Alterations in BALF dsDNA and protein levels  

Following the methodology described in section 3.1.3, the first 2 ml of BALF su-

pernatant was collected from the mice after 1 h of L-IVM for analysis of dsDNA 

and protein levels. As shown in Fig.35, there were no significant differences in 

protein levels after QDs application under the three investigated conditions. How-

ever, after 24 h of LPS administration, the dsDNA levels in BALF supernatant 

D     E     
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significantly decreased with aQDs application to 22.87 ± 4.73 ng/ml compared to 

controls (82.67 ± 18.20 ng/ml), with a trend of reduced levels also in the cQDs 

group (28.35 ± 8.88 ng/ml). 

These findings suggest that surface-modified QDs may have a potential impact 

on the release of dsDNA in the alveolar space, particularly under LPS-treated 

conditions. Further investigations are warranted to elucidate the underlying 

mechanisms and explore the implications of these observations. 

 

 

Figure 35. dsDNA and protein level of BALF supernatant. 

The first 2 ml of BALF supernatant was collected and assessed using the BCA protein assay 

kit and PicoGreen dsDNA assay kit. The concentrations of protein (A) and dsDNA (B) in the 

three conditions (+/- QDs) are shown. (mean ± SEM, n = 6~7 mice/group, One-way ANOVA 

test). 

 

3.9.3 Changes in immune cell population in the systemic circulation  

To investigate the systemic changes in blood immune cells, blood samples were 

collected from the angular vein following the application of QDs (i.v.) for 1 h/24 h 

and LPS (instillation) for 4 h. There were not many alterations observed in white 

blood cell (WBC) numbers after both QDs application (Fig.36). However, aQDs 

increased neutrophil cell counts and their percentages of WBC compared to con-

trols (0.85 ± 0.09 K/μl vs 0.45 ± 0.04 K/μl; 17.85 ± 1.38 % vs 11.45 ± 0.98 %) and 

decreased the percentages of monocytes present in the WBC to 1.95 ± 0.13 % 

compared to control values of 5.05 ± 1.26 %. Interestingly, the application of cQDs 

for 24 h induced a decrease in WBC and lymphocyte counts.  
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Figure 36. Hematological analysis after QDs application.  

Following cQDs and aQDs application (i.v.) for 1 h/24 h and LPS (instillation) for 4 h, blood 

samples were collected from the angular vein for hematological analysis. The numbers of 

immune cells and their corresponding percentages of WBC are displayed. (mean ± SEM, n 

= 4 mice/group, Student’s t test). 
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4. Discussion  

4.1 Real-time monitoring of immune responses induced by 

NPs using L-IVM 

Engineered NPs have emerged as a promising tool for precision drug delivery, 

diagnostics, and biomedical imaging modalities when applied into the blood cir-

culation (Han et al. 2019; Mitchell et al. 2021). However, the interaction of NPs 

with the immune system can have complex effects and may lead to immuno-

toxicity. Different surface-modified NPs have been utilized to study their interac-

tion dynamics under pathological conditions (Uhl et al. 2018). When NPs encoun-

ter immune cells, such as macrophages and monocytes, they can trigger immune 

responses, including the release of various cytokines and chemokines. These 

immune responses can mediate local and systemic inflammatory reactions 

(Elsabahy and Wooley 2013). These effects may lead to tissue damage, exacer-

bate pre-existing inflammatory conditions, or induce new inflammatory responses.  

Furthermore, it is important to consider the route of NP exposure. Apart from i.v. 

application, another significant route through which NPs can enter the blood-

stream is by inhalation. Inhaled engineered NPs that deposit in the alveolar region 

have the capability to break down mucus and cross the epithelial-endothelial bar-

rier, allowing them to access the bloodstream (Kreyling 2010; Thompson et al. 

2014; Chen et al. 2015). In addition to affecting the lungs, inhaled NPs can also 

modulate immune responses in other organs through cytokines released from the 

lungs or by directly translocating from the lungs to distant organs (Nurkiewicz et 

al. 2006; Thompson et al. 2014).  

Previous studies have shown that exposure to various types of NPs, such as 

carbon NPs, carbon nanotubes, TiO2 NPs, gold NPs, and silver NPs, can induce 

lung inflammation and increase levels of inflammatory factors through different 

routes of administration, including inhalation, intratracheal administration, as well 

as i.v. injection (Jacobsen et al. 2009; Ng et al. 2016; Sagawa et al. 2021). Addi-

tionally, NPs have been shown to exacerbate pre-existing respiratory inflamma-

tion induced by various factors like exposure to LPS or allergens such as dust 

mites (Zhou, Jin, and Ma 2023). Ramos-Gomes et al. employed an ex vivo lung 
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model filled with agarose and utilized L-IVM to visualize NP interactions with mac-

rophage/monocyte in mice lungs (Ramos-Gomes et al. 2020).  

While many studies have focused on the later immune responses of the lungs to 

NPs, the early innate immune response to NP exposure in the pulmonary micro-

circulation, under both healthy and pathophysiologic conditions, remains largely 

elusive. To visualize and quantify the dynamics of NPs and the associated innate 

immune responses in the pulmonary microvasculature in real-time, we employed 

L-IVM in the alveolar region of murine lungs. Given that neutrophils serve as the 

frontline immune responders against invading pathogens and are usually the ini-

tial cells to mobilize towards the site of inflammation (Grommes and Soehnlein 

2011), we mainly focus on neutrophils in the pulmonary microcirculation. To 

achieve this, we utilized an optimized intercostal window technique with continu-

ous negative reversible vacuum pressure, originally developed from Mark R. 

Looney (Looney et al. 2011; Headley et al. 2016). This approach allowed us to 

study dynamic NP interactions and cellular responses in real-time in live mice. To 

the best of our knowledge, our study is the first to utilize L-IVM to directly examine 

the local immune response, particular neutrophil recruitment, elicited by different 

surface-modified NPs in the pulmonary microvasculature of live mice. 

 

4.2 Rapid recruitment of neutrophils in pulmonary 

microcirculation induced by aQDs 

In our study, two subsets of NPs with distinct characteristics, one exhibiting low 

potential (aQDs) and the other exhibiting high potential (cQDs) to interact with 

biomolecules and cells (Rehberg et al. 2010), have been employed as fluorescent 

mimics of NPs in our study. These NPs were selected based on their brightness, 

photostability, broad excitation spectrum, high emission intensity, and narrow 

emission spectra (Wegner and Hildebrandt 2015). PEG is a biocompatible poly-

mer that can modify the physical and chemical characteristics of molecules, such 

as their electrostatic binding and hydrophobicity, to increase their retention time 

in the circulating system, reduce the interaction with plasma proteins and immune 

cells, and prevent renal excretion. PEGylation is a widely used technique in drug 

delivery and biomedical research, which enhances the pharmacokinetics and 
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pharmacodynamics of drugs, reduces immunogenicity and toxicity, and improves 

their therapeutic efficacy (Harris and Chess 2003; Veronese and Mero 2008).  

The QDs used in our study are obtained from a commercial company and are 

functionalize with either carboxyl residues directly or amino derivatized PEG. In 

our previous research, different surface modifications of QDs exhibit distinct ef-

fects on their interaction within the microvasculature, as well as their biodistribu-

tion and proinflammatory effects in postcapillary venules of skeletal muscle tissue 

(Rehberg et al. 2010). Under physiological conditions, cQDs, but not aQDs, in-

duced leukocyte (neutrophil) recruitment, mediated by the uptake of cQDs by 

perivascular macrophages, leading to mast cell activation and subsequent endo-

thelium-mediated leukocyte recruitment (Rehberg et al. 2010). However, under 

ischemia-reperfusion injury, aQDs, but not cQDs, induced leukocyte transmigra-

tion, likely attributed to the recruitment of endogenous microparticles that stimu-

lated endothelial cells (Rehberg et al. 2012).  

In our current research, we observed that after i.v. application of QDs, aQDs 

evoked immediate neutrophil recruitment in the pulmonary microcirculation at 20 

min post-exposure, while cQDs could induce a slight degree of inflammation after 

60 min. The increased neutrophil numbers were also observed in the systemic 

circulation. These observations align with previous studies showing the different 

surface-modified NPs can induce varying degrees of lung injury and inflammation 

depending on the dose and time post-exposure (Roberts et al. 2013; Ho et al. 

2013). Specifically, they found that after intratracheal instillation, aQDs at a dose 

of 12.5 μg induced a greater increase in lactate dehydrogenase (LDH) and albu-

min levels in BAL at day 1 compared to cQDs at the same dose. These results 

suggest that under certain conditions, exposure to aQDs can induce more gen-

eral cytotoxicity and damage to the air blood barrier compared to cQDs (Roberts 

et al. 2013). Ho et al. examined the long-term impact of PEG modification on QDs 

in mice after intratracheal instillation of 12 μg and 60 μg doses. They discovered 

that both types of QDs (60 μg) increased inflammatory cells, protein levels, and 

LDH activity in BAL on day 2, 17, and 90. On day 17, both aQDs and cQDs (60 

μg) induced similar pathological manifestations, including neutrophil and intersti-

tial lymphocyte infiltration, and a granulomatous reaction. However, PEG modifi-

cation was found to mitigate the granulomatous reaction at day 90. Additionally, 

both types of QDs (12 μg and 60 μg) increased the expression of proinflammatory 
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cytokines and chemokines on day 17. These findings demonstrate that PEG mod-

ification does not fully prevent inflammation induced by QDs over an extended 

period of time after their application to the lung (Ho et al. 2013).  

Under normal homeostatic conditions, organs like the liver and adipose tissue 

contain few neutrophils (Rosales 2018). Typically, various sentinel cells including 

macrophages, dendritic cells, mast cells, and endothelial cells are activated in 

response to localized tissue infections or injury. These cells release proinflamma-

tory signals and chemokines which attract recruited neutrophils to the site of in-

fection or injury (Phillipson and Kubes 2011). Moreover, patrolling monocytes 

along blood vessels may infiltrate affected tissues early in the infection process 

and contribute to neutrophil recruitment (Auffray et al. 2007). However, it is im-

portant to note that in the pulmonary microcirculation, neutrophils play a crucial 

role in defending against invading pathogens, unlike in other organs where mac-

rophages dominate the role in immune defense (Kolaczkowska and Kubes 2013; 

Granton et al. 2018; Liew and Kubes 2019). The observation of “baseline” neu-

trophils at t=0 in L-IVM provides valuable insights of the “marginated pool” into 

the lung’s host defense mechanism. These neutrophils are already present in the 

pulmonary microcirculation, patrolling and surveying the microenvironment for 

potential threats. The increased neutrophil numbers, that were observed after 

aQDs application in both L-IVM and hematological analysis, provide further evi-

dence that aQDs trigger a specific response from the lung, leading to the recruit-

ment of additional neutrophils from both the marginated pool and the circulating 

blood. This response indicates the active involvement of neutrophils in the pul-

monary microcirculation following aQDs exposure, likely in response to potential 

stress or injury caused by the NPs. 

Studies have shown that various NPs including Carbon, TiO2, and Au NPs after 

inhalation can aggravate allergic airway inflammation and airway fibrosis in mice 

(Ryman-Rasmussen et al. 2009; Inoue et al. 2010; Rossi et al. 2010). Further-

more, pre-existing lung inflammation, such as that induced by LPS pretreatment 

via intratracheal administration, has been shown to enhance the inflammatory 

cytokine responses to NPs, leading to worsened inflammation (Parhiz et al. 2022). 

Interestingly, the surface modifications of NPs can have a significant impact on 

their immunomodulatory properties under inflammatory conditions. For instance, 
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zwitterionic particles may have a pro-inflammatory effect, while tetraethylene gly-

col-modified particles may exhibit an anti-inflammatory effect (Moyano et al. 

2016). This suggests that the choice of NPs surface modification can have im-

portant implications for their biological effects in inflammatory conditions. 

In our LPS-induced disease model, we observed that aQDs increased neutrophil 

numbers at an early time point beyond the levels of pre-existing inflammation, 

although the increase was not significant and did not alter after 60 min. The in-

creased neutrophil levels observed in the LPS-treated group compared to healthy 

mice undergoing L-IVM might be attributed to the pre-sensitization of the immune 

response after LPS challenge, due to the intercostal surgery and L-IVM process. 

In the Bleomycin-induced fibrosis disease model, a slight increase in neutrophil 

levels was observed after aQDs application, but it was not sustained over time. 

Engineered NPs have been utilized to target macrophages and epithelial-mesen-

chymal transition to mitigate lung fibrosis (Singh et al. 2022; Jin et al. 2023).  

Furthermore, in both disease models, cQDs, but not aQDs, significantly elevated 

the platelet-covered area in the pulmonary microcirculation at an early timepoint, 

although these changes were transient. We also observed a trend of decreasing 

platelet count in the whole blood after cQDs application compared to the control 

group. Previous studies have shown that QDs can aggregate human platelets by 

upregulating surface expression of P-selectin and GPIIb/IIIa receptors (Samuel 

et al. 2015). Moreover, cQDs have been shown to cause more pulmonary vascu-

lar thrombosis and result in lower platelet counts in blood compared to aQDs due 

to their ability to activate the coagulation cascade (Geys et al. 2008). Our findings, 

obtained from both L-IVM and hematological analysis, are consistent with these 

previous results. Overall, after QDs application to disease models, we do not ob-

serve major changes in the first hour. 

 

4.3 Preferential accumulation of recruited neutrophils in 

capillaries 

Neutrophils are primarily recruited to postcapillary venules of the systemic micro-

circulation in response to inflammation in most organs. In the lung, these recruited 
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neutrophils tend to accumulate in small capillaries that interconnect the outsides 

of alveoli (Doerschuk 2000; Grommes and Soehnlein 2011; Rossaint and 

Zarbock 2013). The parenchyma of the lungs, which mainly comprises capillaries, 

is defined as vessels ranging smaller than 20-25 μm (Townsley 2012). The alve-

olar septal wall interstitium consists of collagen, elastin, fibroblasts, and the base-

ment membrane, with a thickness smaller than 1 μm (Mercer, Russell, and Crapo 

1994; Townsley 2012). In L-IVM, the diameter of lung microvessels was meas-

ured, and it was found that small pulmonary arterioles had a diameter of 24.9 ± 

0.7 μm, while small venules had a diameter of 25.9 ± 0.7 μm (Tabuchi et al. 2008). 

Lung capillaries typically have a diameter ranging from 2-15 µm (Doerschuk et al. 

1993). Yipp et al. conducted L-IVM experiments to investigate the distribution of 

recruited neutrophils and observed that adhesion, crawling, and tethering neutro-

phils were primarily located in vessels smaller than 10 µm. Fewer neutrophils 

were observed in vessels ranging from 11-20 µm and no neutrophils were ob-

served transiting in vessels larger than 20 µm (Yipp et al. 2017).  

The specific patterns of marginated neutrophils and recruited neutrophils in dif-

ferent types of vessels have not been well understood until now. In our study, we 

utilized L-IVM and labeled platelets with DyLight649-labeled anti-GPIb-V-IX com-

plex to measure the alveolar septal thickness, which approximately represent pul-

monary microvessels. We successfully distinguished and quantified neutrophil 

numbers in microvessels of different sizes and in the alveolar space. Our results 

showed that marginated neutrophils (at t=0) were predominantly present in ves-

sels smaller than 20 μm, with a slightly higher accumulation in vessels smaller 

than 10 μm. After 1 h of exposure to aQDs, the recruited neutrophils remained 

localized in vessels smaller than 20 μm, but there was a greater increase in neu-

trophils in vessels ranging from 10-20 μm. Interestingly, marginated neutrophils 

were rarely observed in the alveolar space and vessels larger than 20 μm. How-

ever, following the inflammatory stimulus, recruited neutrophils increased in these 

regions. This finding provides novel insights into the distribution of marginated 

and recruited neutrophils in the pulmonary microcirculation in response to aQDs 

challenge. 
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4.4 Reduction in neutrophil crawling velocity induced by NP-

induced inflammation  

The classical neutrophil recruitment cascade involves several steps, including in-

itial leukocyte slow rolling, adhesion strengthening, intraluminal crawling, and 

paracellular and transcellular migration, in most organs (Ley et al. 2007). How-

ever, in the lungs, due to the narrow diameter of capillaries, neutrophils undergo 

significant deformation to facilitate passage, and the rolling step is not included 

in the recruitment cascade. Instead, the process involves tethering, adhesion, 

crawling, and transmigration (Rossaint and Zarbock 2013; Maas, Soehnlein, and 

Viola 2018). Several studies have utilized L-IVM to investigate neutrophil motility 

in the pulmonary microcirculation and the reported velocity values have shown 

variation. For example, Looney et al. reported important insights into the velocity 

of neutrophils in different types of vessels. They found that the velocity of neutro-

phils in capillaries with a diameter ranging from 10-15 μm was approximately 0.91 

μm/s. In medium-sized vessels with an average diameter of 30 μm, the transiting 

velocity of neutrophils reached up to 96 μm/s (Looney et al. 2011). Kreisel et al. 

observed a significant increase in neutrophil velocity to 9.68 μm/min after 5 min 

of LPS intratracheal challenge (Kreisel et al. 2010). Yipp et al. also used L-IVM 

to observe neutrophil motility in the pulmonary microcirculation of mice after i.v. 

injection of LPS. They categorized neutrophil motility into different stages based 

on the time spent and interactions with the vascular wall. In the steady state, 

approximately 35 % of neutrophils were in an adherent state, and crawling neu-

trophils typically moved less than 20 μm in a period of 10 min. After 20 min of 

LPS exposure, the displacement of crawling neutrophils significantly increased 

from 20 μm/10 min at baseline levels to 50 μm/10 min (Yipp et al. 2017). However, 

Ueki’s research showed a decrease in neutrophil motility after the peak day (day 

1) of neutrophil recruitment in mice infected with influenza virus intranasally. The 

neutrophils mainly exhibited slow motion, indicating that the movement of neutro-

phils could be impaired by influenza virus infection (Ueki et al. 2018). Additionally, 

Park et al. found that neutrophil motility initially increased within the first 3 h fol-

lowing LPS treatment and then decreased from 6 h (Park et al. 2019).  

The classification method proposed by Yipp et al. (Yipp et al. 2017) allowed us to 

categorize neutrophils in the pulmonary microcirculation based on their duration 
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and motility during recruitment in the context of NPs exposure. By tracking single 

cells and examining their crawling velocity, we gained valuable insights into the 

motility and dynamics of neutrophils and their interactions with the endothelium. 

Our observations revealed that the crawling velocity of neutrophils immediately 

showed a trend of decreasing alteration after the application of both types of QDs. 

This effect was particularly evident and sustained after 60 min in the aQDs group. 

We hypothesize that when aQDs are applied to the pulmonary microcirculation, 

they trigger an immune response in both the endothelium and marginated neu-

trophils, leading to increased neutrophil recruitment from the circulating blood. 

Our findings shows that this immune response likely involves upregulation of rel-

evant selectins and integrins on both endothelial cells and neutrophils, which, in 

turn, slows down the crawling velocity of neutrophils. By examining their crawling 

velocities, we can better comprehend how neutrophils navigate through the mi-

crovasculature in response to various stimuli or conditions. Referring to the func-

tion of selectins and integrins on neutrophil recruitment and crawling velocity, we 

will state these below. 

 

4.5 Initiation of acute inflammatory response triggered by 

aQDs and associated inflammatory products  

4.5.1 Cytokines and chemokines mediate the recruitment of neutrophils  

Acute pulmonary inflammation can be induced by various cytokines and chemo-

kines， which play crucial roles in initiating and regulating the inflammatory re-

sponse in the lungs. Among these cytokines, IL-1, IL-6, TNF-α are particularly 

important in facilitating neutrophil recruitment. IL-1 and TNF-α have been shown 

to enhance the expression of adhesion molecules such as E-selectin and ICAM-

1 on endothelial cells, promoting neutrophil recruitment to the site of inflammation 

by facilitating adhesion to the pulmonary vascular endothelium (Ward 2003). On 

the other hand, IL-6 plays a role in upregulating C5a receptor on vascular endo-

thelium to accumulate more C5a. C5a is a potent complement activation product 

that can produce various proinflammatory mediators, attracting polymorphonu-

clear neutrophils to the sites of inflammation or injury (Ward 2003; Dudeck et al. 
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2021). Polymorphic membrane proteins of C. pneumoniae were also proved to 

induce IL-6 and monocyte chemoattractant protein (MCP) -1 in human endothe-

lial cells by activating the NFkB pathway (Niessner et al. 2003). When inflamma-

tion occurs, the regulatory mechanism responds, especially IL-10, which exerts 

anti-inflammatory effects (Ward 2003). IL-10 exerts its influence through auto-

crine or paracrine signaling, regulating the inflammatory response locally, while 

also demonstrating endocrine effects by modulating inflammation at the systemic 

level (Stenvinkel et al. 2005). Our results showed a trend of increased IL-6 con-

centration and a significant elevation of IL-10 concentration in the circulating sys-

tem following aQDs application for 1 h. While there was a significant increase in 

IL-6 levels in LPS-treated group. These findings suggest that aQDs may have an 

impact on the regulation of pro-inflammatory cytokines, such as IL-6, as well as 

anti-inflammatory cytokines, like IL-10, in the systemic circulation. It is interesting 

to note that the response to aQDs in terms of cytokine secretion may be dose-

dependent, as indicated by the study by Borgognoni et al., where high doses of 

TiO2 triggered human microphages to release both IL-6 and IL-10, while low 

doses only resulted in IL-6 secretion (Borgognoni et al. 2015). Similarly, in our 

study, the low dose of LPS used may have only led to the observation of in-

creased IL-6 levels in the systemic circulation in the LPS-treated group. The find-

ing that aQDs can trigger the production of both pro-inflammatory and anti-inflam-

matory cytokines in the systemic circulation highlights the complex nature of the 

immune response to NPs. It is known that NPs can interact with immune cells 

and elicit a variety of responses depending on their properties, dose, and route 

of exposure. The production of both IL-6 and IL-10 suggests a possible regulatory 

mechanism where the immune system tries to balance pro-inflammatory and anti-

inflammatory responses to maintain immune homeostasis. 

In addition, we also observed an increase in CCL3 and CCL22 levels after aQDs 

application. Chemokines are a family of small proteins that can be classified into 

different subfamilies, including C, CC, CXC, and CX3C chemokines. These 

chemokines play important roles in immune responses by activating various im-

mune cells, such as neutrophils, monocytes, macrophages, and lymphocytes. 

MIP-1a/CCL3 and MIP-1b/CCL4 are chemotactic and proinflammatory regulators 

expressed by lymphocytes, monocytes and macrophages (Maurer and von 

Stebut 2004). CCL3 is known to mediate neutrophil recruitment in response to 
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inflammatory stimuli, depending on TNF-α pathway, which is also a proinflamma-

tion cytokine produced by various cells, including macrophages, lymphocytes, 

and endothelial cells (Ramos et al. 2005; Reichel et al. 2009). The increase in 

CCL3 levels after aQDs application could indicate the activation of these immune 

cells and their involvement in the recruitment of other immune cells, such as neu-

trophils, to the site of aQDs exposure. MDC/CCL22 is a proinflammatory chemo-

attractant for CCR4-expressing Th2 lymphocytes, monocytes-derived dendritic 

cells, and natural killer cells, and it is known to regulate pulmonary levels of MIP-

2 and MIP-1 (Richter et al. 2014). Like CCL3, CCL22 is produced by immune 

cells in response to inflammatory signals. The increase in CCL22 levels after 

aQDs application could suggest the recruitment of specific immune cell subsets 

that are attracted by this chemokine. Together, the increase in CCL3 and CCL22 

levels after aQDs application supports the idea that aQDs interact with immune 

cells in the bloodstream, leading to the release of proinflammatory factors and 

subsequent recruitment of immune cells, including neutrophils, to the site of aQDs 

exposure.  

 

4.5.2 Selectins and integrins mediate aQDs induced neutrophil 

recruitment in microvessels  

Unlike neutrophils in vessels of other organs, which are typically 6-10 μm in di-

ameter, neutrophils in the pulmonary microvessels, with diameters ranging from 

2-15 μm, need to undergo deformation to pass through (Grommes and Soehnlein 

2011). Therefore, neutrophil recruitment in the pulmonary microcirculation primar-

ily encompasses tethering, adhesion, crawling and transmigration. The onset of 

neutrophil recruitment is mediated by multiple selectins and integrins. The selec-

tin family includes E-selectin, which is expressed on endothelial cells, P-selectin, 

expressed on activated endothelium and platelets, and L-selectin, expressed on 

leukocytes. The necessity of these selectins in the lung is dependent on the dis-

tinct inflammatory stimulus (Grommes and Soehnlein 2011). In the study by Miz-

gerd et al. (Mizgerd et al. 1996), it was observed that inhibiting of E-, P-, and L-

selectins did not have an impact on the flux of neutrophils transmigrating into the 

alveolar space following stimulation with S. pneumoniae and LPS. However, 

other studies have presented partly contrasting viewpoints. For instance, in the 
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zymosan-induced peritonitis model and the LPS-induced lung inflammation 

model, blocking P-selectin did not affect neutrophil migration. On the other hand, 

in the LPS-induced lung inflammation model, blockage of E-selectin showed an 

effect, while it was ineffective in the zymosan-induced peritonitis model. Addition-

ally, L-selectin was found to reduce neutrophil migration in both inflammation 

models (Kornerup et al., 2010). The expression of E-selectin and LFA-1 mediates 

the deceleration of leukocyte velocity for firm adhesion and rolling during inflam-

mation (Zarbock et al. 2011). These divergent findings highlight the complexity of 

selectin-mediated neutrophil migration and indicate potential variations depend-

ing on the specific inflammatory stimuli and experimental models employed. In 

our study, we observed that inhibiting E-selectin by application of neutralizing 

mAbs effectively reduced the recruitment of neutrophils and survived the reduced 

velocity of crawling neutrophils induced by aQDs in the pulmonary microcircula-

tion. However, the blockage of P-selectin did not exhibit a similar impact, and the 

blockade of L-selectin did not work. Taken together, these results suggest that E-

selectin plays a specific role in the recruitment of neutrophils in response to aQDs, 

while L-selectin and P-selectin may not be involved in this particular process. 

Neutrophils crawling under shear conditions need to maintain continuous adhe-

sion to the endothelial surface while navigating through the microvessels. During 

this process, they release some of the existing adhesive bonds as they move 

forward and form new bonds in other regions of the cell, allowing them to securely 

adhere to the endothelium while undergoing crawling motion (Kolaczkowska and 

Kubes 2013). In this process, the integrins LFA-1 and MAC-1 play crucial roles in 

neutrophil adhesion and crawling (Ley et al. 2007; Li et al. 2018). Henderson et 

al. firstly emphasized the role of LFA-1 in the stabilization of the transient or teth-

ering phase of neutrophil rolling, thereby contributing to neutrophil rolling on the 

mesenteric vascular bed by IVM. On the other hand, the presence of MAC-1 is 

not essential for either rolling or firm adhesion, but rather exhibits distinctive prop-

erties in facilitating emigration from the vessel (Henderson et al. 2001). Philipson 

et al. investigated neutrophil adhesion and crawling in postcapillary venules in 

response to MIP-2 and TNF-α. The study found that neutrophil adhesion was 

primarily dependent on the integrin LFA-1, while crawling was mainly dependent 

on the integrin MAC-1. Interestingly, when LFA-1-deficient neutrophils were ex-
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amined, only a few neutrophils adhered to the endothelium with similar displace-

ment and velocity compared to the control group. On the other hand, MAC-1-

deficient neutrophils were able to adhere to the endothelium, but their velocity 

was significantly reduced by 95% and their displacement was reduced by 10-fold 

compared to the control group (Phillipson et al. 2006). Also, Sumagin et al. stud-

ied the distinct functions of LFA-1 and MAC-1 in the movement patterns of neu-

trophils and monocytes in the cremaster muscle using IVM. They found that MAC-

1, not LFA-1, is essential for neutrophil crawling under both unstimulated and 

TNF-α activated conditions, as well as for transmigration during inflammation. 

However, in the absence of MAC-1, neutrophils can still crawl in the venules, and 

the intralumenal crawling distance is typically longer than in MAC-1 mediated 

crawling (Sumagin et al. 2010). These findings highlight the distinct contributions 

of LFA-1 and MAC-1 in the adhesion and crawling processes of neutrophils dur-

ing inflammation. As shown in our study, we observed that blocking LFA-1 effec-

tively inhibited the neutrophil recruitment elicited by aQDs, whereas blocking 

MAC-1 did not have the same effect. However, the blockage of LFA-1 and MAC-

1 can partially abolish the reduced crawling velocity induced by aQDs. The dis-

ruption of adhesive interactions between neutrophils and endothelial cells by in-

hibiting LFA-1 and MAC-1 led to a reduction in neutrophil adhesion and crawling 

behavior. As a result, neutrophils may regain some of their steady-state velocities. 

However, it's important to note that the restoration of crawling velocity may not 

fully reach the control levels. This could be due to several reasons, such as re-

sidual effects of aQDs on neutrophils, incomplete inhibition of LFA-1 and MAC-1, 

or involvement of other factors that contribute to the altered neutrophil behavior. 

 

4.6 Impaired pulmonary perfusion due to NP-induced 

inflammation in the pulmonary microcirculation  

Blood flow velocity is inversely proportional to the total cross-sectional area of the 

blood vessels. Large cross-sectional areas result in decreased flow velocity. Ca-

pillaries, with their extensive total cross-sectional area, have the slowest blood 

flow, allowing for efficient exchange of gases and nutrients (Matienzo and Bordoni 

2023). In the lungs, there is a dense network of capillaries, hosting a significantly 
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higher number of neutrophils (50-fold) compared to other blood vessel systems. 

This collection of neutrophils is known as the marginated pool. In pulmonary ca-

pillaries, the transit time of neutrophils is prolonged compared to other organs, 

primarily due to their deformation to pass through the narrow capillary openings 

(Wiggs et al., 1994; Kuebler and Goetz, 2002; Burns, Smith, and Walker, 2003). 

Leukocyte sequestration in the lungs is associated with decreased pulmonary 

microvascular flow velocity (Waisman et al. 2006). In a study conducted by Ueki 

et al., they utilized 1-μm fluorescence beads injected intravenously to evaluate 

the blood velocity in mice by employing L-IVM. The control baseline blood velocity 

was reported to be 150 μm/s. They observed that pulmonary perfusion in mice 

infected with influenza viruses was reduced at day 2 of infection and remained 

consistently low thereafter. They concluded in the paper that inflammation caused 

by the influenza virus can impact the blood velocity in the pulmonary microcircu-

lation (Ueki et al. 2018). Park et al. introduced the concept of the functional capil-

lary ratio (FCR) to evaluate the proportion of functional microvasculature and 

dead space in the pulmonary microcirculation. They found neutrophils were the 

main hindrance in the pulmonary microcirculation during sepsis, while reversed 

FCR in the pulmonary microcirculation was resulted from depleting neutrophils 

(Park et al. 2019). Taken together, these studies suggest that neutrophils contrib-

ute significantly to the impaired blood flow and gas exchange in sepsis. 

In our study, we investigated the effects of QDs on neutrophil recruitment and 

pulmonary microcirculation perfusion. As discussed above, we observed an in-

flammatory response and a reduction of microcirculation perfusion in the aQDs 

group under healthy conditions. By blocking TNF-α, LFA-1, and using a P2X7R 

antagonist, we were able to reverse the reduced blood flow velocity induced by 

aQDs. As this recovery of blood flow velocity coincided with the prevention of 

neutrophil adhesion and a similar reduction in blood flow velocity observed in the 

LPS-induced injury condition with neutrophil accumulation in the microvessels, 

these findings suggest that neutrophil recruitment plays a crucial role in modulat-

ing pulmonary microcirculation perfusion. Further research in this area may con-

tribute to the development of therapeutic strategies targeting neutrophil recruit-

ment to improve microcirculatory function in various pathological conditions. 
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4.7 eATP-mediated neutrophil recruitment in response to NPs 

The cellular response to NPs, such as amino-modified NPs, can exhibit a dose-

dependent pattern. Higher doses of NPs may cause cell death through mecha-

nisms like oxidative stress, inflammation, and membrane damage, while even low 

doses can disrupt cell cycle and impair cellular functions. The release of toxic 

ions, ROS, and lysosomal alterations induced from NPs can cause extensive cel-

lular damage and ultimately cell death (Kim et al. 2013; Anguissola et al. 2014; 

Deville et al. 2020). The immune system can be activated by DAMPs released 

from injured or damaged tissue. These DAMPs serve as signals, stimulating var-

ious sentinel cells like mast cells, macrophages, and dendritic cells. This activa-

tion sets off a cascade of events within the immune system. One of the initial 

responses to this activation is the recruitment of leukocytes, particularly neutro-

phils, to the site of inflammation (Tang et al. 2012; Maas, Soehnlein, and Viola 

2018). eATP has been regarded as a DAMP in response to stress, serveing as a 

signal to recruit inflammatory cells to the site of injury. The accumulation of eATP 

in the inflammatory site involves the contribution of multiple cell types. Membrane 

deformation of neutrophils induced the release of ATP. When neutrophils were 

stimulated by the chemoattractant FMLP, ATP was released to the peak after 5 

min and returned to basal levels after 15 min (Chen, Corriden, et al. 2006). eATP, 

as an extracellular signaling molecule, further contributes to the recruitment and 

activation of immune cells in the inflammatory response. During inflammation in-

duced by LPS, there is a peak in eATP levels in the BAL, which coincides with 

the maximum migration of neutrophils into the alveolar space. Interestingly, block-

ing eATP production has been shown to limit vascular leakage associated with 

inflammation. This suggests that eATP plays a role in promoting neutrophil mi-

gration during the inflammatory response (Shah et al. 2014).  

P2X7R, an ATP-gated cation channel, is expressed on various inflammatory cells 

(Tran et al. 2010). Gene expression data from our laboratory revealed the pres-

ence of P2X7R expression on capillary endothelial cells, monocytes, macro-

phages, and lymphocytes during pulmonary pathological conditions (Personal 

communication of unpublished results from Lianyong Han and Tobias Stöger). At 

low concentrations, eATP activates P2X7R, leading to the opening of channels 

for sodium (Na+), potassium (K+), and calcium ions (Ca2+). This results in the re-
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lease of K+ outside the cell and flux of Na+ and Ca2+ into the intracellular environ-

ment. On the other hand, high concentrations of eATP make a non-selective pore, 

ultimately leading to cell death. The activation of P2X7R and subsequent ion flux 

trigger various cellular responses, including inflammation and immune responses 

(Janks, Sprague, and Egan 2019; Rotondo et al. 2022). This receptor has been 

reported to control a variety of pro-inflammatory cellular signals based on its abil-

ity to initiate post-translational cytokine processing. Furthermore, P2X7R is es-

sential for neutrophil recruitment (Riteau et al. 2010; da Silva et al. 2013; Di 

Virgilio et al. 2017). 

In our study, we observed that the application of a P2X7R antagonist inhibited 

neutrophil recruitment, consistent with previous reports. We speculate that the 

disruption of the ATP-gated cation mechanism by the P2X7R antagonist indeed 

leads to a reduction in ion flux, which may have implications for neutrophil recruit-

ment. Neutrophils rely on ion flux and ATP signaling to navigate and respond to 

inflammatory stimuli. By inhibiting P2X7R, the antagonist interferes with the nor-

mal cellular responses to eATP, potentially modulating neutrophil behavior, in-

cluding crawling and transmigration. As a result, neutrophils may no longer need 

to engage in excessive crawling behavior, leading to the observed reversal in the 

crawling velocity induced by aQDs. The reduced ion flux may alter the signals 

that dictate neutrophil migration and positioning, ultimately affecting their recruit-

ment to the site of inflammation. This finding suggests that the P2X7R antagonist 

has the potential to influence neutrophil motility and their involvement in the in-

flammatory response triggered by aQDs. 
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5. Conclusion  

1. In vitro experiments reveal that cQDs are taken up more efficiently by HUVEC 

compared to aQDs. In vivo experiments demonstrate that intravenously applied 

cQDs interact with endothelial cells and might be taken up by them. In contrast, 

aQDs tend to form clusters in pulmonary vessels over time and induce stronger 

inflammation compared to cQDs, indicating that the PEG modification of QDs 

does not fully protect against their potential effects in the pulmonary microcircu-

lation.  

2. Under physiological conditions, i.v. injection of aQDs induces neutrophil recruit-

ment, but it does not significantly alter immune responses under pathological con-

ditions, such as LPS-induced acute inflammation and Bleomycin-induced fibrosis. 

3. The initiation of neutrophil recruitment induced by aQDs requires cellular 

degranulation and release of TNF-α. Moreover, the neutrophil response to aQDs 

appears to involve the release of DAMPs, particularly eATP. This process also 

involves the upregulation of relevant selectins (such as E-selectin) and the in-

volvement of integrins (such as LFA-1 and MAC-1) on endothelial cells and neu-

trophils. These, in turn, result in a slowdown of the crawling velocity of neutrophils 

on the vascular surface. The blockage of selectins and integrins or the use of an 

eATP antagonist prevents recruitment of neutrophils and partially restores their 

reduced crawling velocity. 

4. The accumulation and retention of neutrophils in the pulmonary microcircula-

tion result in a decrease in local blood flow velocity. Accordingly, when factors 

involved in neutrophil recruitment, such as cellular degranulation, DAMPs, and 

TNF-α release, as well as the upregulation of selectins and integrins, are dimin-

ished, blood perfusion could be restored to baseline levels. 
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7. Apendix 

7.1 Abbrevatioins 

 

% percent 

°C grad Celsius 

μ micro 

μg microgram 

μl microliter 

μm micrometer 

3D three-dimensional 

aQDs amine (PEG) Quantum Dots 

ALI acute lung injury 

ATP  adenosine triphosphate  

ARDS acute respiratory distress syndrome 

BAL  bronchoalveolar lavage 

BALF bronchoalveolar lavage fluid 

BSA  bovine serum albumin 

BW body weight 

ca. circa 

CdSe  cadmium selenide 

CO2  carbon dioxide 

COPD chronic obstructive pulmonary disease 

cQDs  carboxyl Quantum Dots 

Ctrl  control 

DAMPs damage-associated molecular patterns 

DBE  dibenzyl ether 

DCM dichloromethane 

DNA deoxyribonucleic acid 

DPBS dulbecco’s phosphate buffered saline 

eATP extracellular ATP 

EDTA ethylenediaminetetraacetic acid  

et al.  et alii 

Fig.  figure 

FOV field of view 

g gram 

h  hour 

H&E haematoxylin and eosin 
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H2O  water 

HCL hydrochloric acid 

HUVEC human umbilical vein endothelial cell 

ICAM-1  intercellular adhesion molecule 1 

i.e. id est 

Ig immunoglobulin 

IL  interleukin 

i.p. intraperitoneal 

IPF idiopathic pulmonary fibrosis 

i.v. intravenous 

IVC individually ventilated cages 

IVM intravital microscopy 

IVIS  in vivo imaging system 

kg kilogram 

L  liter 

LDHa lactate dehydrogenase 

LFA-1  lymphocyte function-associated antigen 1 

L-IVM  lung intravital microscope 

LPS lipopolysaccharide 

LSFM light sheet fluorescence microscope 

m  milli 

Mac-1 macrophage 1 

mAbs monoclonal antibody 

MCP monocyte chemoattractant protein 

MDC macrophage-derived chemokine 

mg  milligram 

min  minutes 

MIP macrophage inflammatory protein 

ml milliliter 

MMF medetomidinhydrochlorid, midazolam, fentanyl 

MPS mononuclear phagocyte system 

NETs neutrophil extracellular traps 

NFkB  nuclear factor 'kappa-light-chain-enhancer' of activated 

B- cells 

ng nanogram 

nm nanometer 

NPs nanoparticles 

O2 oxygen 

O.C.T compound  optimal cutting temperature compound  
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P2X7R P2X7 receptor 

PEEP positive end-expiratory pressure 

PEG polyethylene glycol 

PFA paraformaldehyde 

pH potential of hydrogen 

PRR pattern recognition receptor 

PSGL1 P-selectin glycoprotein ligand 1 

QDs  Quantum Dots 

RNA  ribonucleic acid 

ROS reactive oxygen species 

rpm revolutions per minute 

RT room temperature 

SEM standard error of the mean 

TEM  transmission electron microscopy  

THF tetrahydrofuran 

TLR4 toll-like receptor 4 

TNF-α  tumor necrosis factor alpha 

UK United Kingdom 

USA United States of America 

WBC white blood cells 

ZnS  zinc sulfide  
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